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ABSTRACT

This report presents the results of a research program that had two
major objectives, The first objective was the development of a prototype
rotating stall control system which was tested both on a low speed rig and a
J-85-5 engine. The second objective was to perform fundamental studies of the
flow mechanisms that produce rotating stall, surge and noise in axial flow
compressors and thereby obtain an understanding c¢f these phenomen. that would
aid attaining the first objective. The work is reported in thrce separate
volumes. Volume I covers the fundamenta! theoretical and experimental studies
of rotating stall; Volume II covers the theoretical and experimental studies of
discrete-tone aerodynamic noise generation mechanisms in axial flow compressors;
and, Volume III covers the development and testing of a prototype rotating stall

control system on both the low speed test rig and the J-85-5 engine.

Volume 1 describes the theoretical and experimentul investigation of
the influence of distortion on the inception and properties of rotating stall
for an isolated rotor row, and the effects of close coupling of a rotor and
startor row on rotating stall inception. The experiments were conducted in the
Calspan/Air Force Annular Cascade Facility, which is a low speed compressor
research rig. In addition, the previously developed two dimensional stability
theory for prediction of inception conditions was extended to include the
cffect of compressibility and the development of a three dimensional theory
was in. iated. These studies led to the follcwing kev results. The experi-
mental studies of distortion show that ror a single blade row the response of
the blade row to the distortion and rotating stall are uncoupled phenomena and
may be explained on the basis of a lineari:zed analysis. The experimental
studies of a closely coupled rotor-stator pair show that the addition of a
close'y spaced stator row downstream of a rotor row delays the onset of rotating
stall. Moreover, ths corresponding theoretical analysis predices this trend
although juantitative agreement is hampered by the lack of appropriate steady-
state loss and turning performance for each blade row at the required operating
conditions. The theoretical investigation of the effects of compressibility

for wholly subsonic flows outside the blade rows indicates that the etffects of
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compressibility do not alter the mechanisms c¢f rotating stail as deduced from
: the incomnuressible theory in that the rate of change of the steady state loss
curve with inlet swirl is the dominant blade row characteristic affecting its

stability. Therefore, if the steady state losses are known for the compressible

B

flow condition, the linearized stability analysis is expected to apply.

e

Volume II describes a theoretical and experimental study of discrete-
tone naise generation by the interaction of a rotor and a stator, aad the de-
’ velopment of a direct lifting surface theory for an isolated rotor. An zpproxi-
% mate riodel has been developed to predict the sound pressure level and total
' power radiated at harmonics ot the blade passage frequency for a rotor-stator
: stage. The analysis matches the duct acoustic modes for an annular duct with
i an upproximate representation of the unsteady blade forces which includes com- ’
% pressibility effects. Measurements werc made of the sound pressure levels
produced on the duct wall of the annular cascade facility by a rotor-stator
pair. Predictions which indicated that only the fourth and higher harmonics
could be excited at conditions achievable in the facility, were borne out by
the experiments. The calculations of the sound pressure levels for the propa-
gating modes were significantly below the measured values. This discrepancy

is believed to result from inaccuracies in existing models of rotor wake

—

velocity profiles, which are shown to have a strong influence on predi:tions
of the sound pressure levels of the higher harmonics. Volume Il also contains

the formulation of a direct lifting surface theory for the compressible,

three-dimensional flow through a votor row in an infinitely long annular duct.

TN SV

! A detailed derivation is given for the lineariced equations and the corres-
ponding solutions for the bhlade t.ichness and loading contributions to the (
rotor flow field. The governing integral equation for the blade loading in a %
litting surface theory is obtained for subsonic flow and progress on its

solution is reported.

Volume I[II describes the development and testing of a prototype ro-

5 x

tating stall control system. The control system was tested on the low speed |

compressor research rig and on a J-85-5 turbojet engine. On the low speed 1

e S

research compressor, the control was tested in the presence of circumferential

inlet distortion. These tests were performed to demonstrate the ability of

iv
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the control co operate satisfactorily in the presence of inlet distortion and

to aid in the selection of stall sensor configurations for the subsequent

engine tests. The contrcl system was then installed on a J-85-5 jet engine and
its performance was tested under sea level static conditions, both with and
without inlet distortion. On the engine, the stall control was installed to

override the normal operating schedule of the compressor bleed doors and inlet

;
i
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3
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guide vanes. The J-85-5 was stalied in two ways, first bv closing the bleed

doors at constant enygine speed, and second by decelerating the engine with the

bleed doors partially closed at the beginning of the deceleration. A\ total of
; 41 compressor stalls were recorded at corrected engine speeds between 48 and
72 percent of the rated speed. In all cases, the control took successtul

remedial action which limited the duration of the stall to 325 milliseconds

or less.
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SECTION I

INTRGDUCTTON

The useful operating range of a turbine engine compresser is greatly
influenced by its stalling characteristics. The optimum performance of a
turbo-propulsion system is usually achieved when the compressor is operating
near its maximum pressure ratio However, this optimum is generally not
attainaple becausce it occurs close to compressor stall and unstable flow con-
ditions. Because of the serious mechanical damage that may result during com-

pressor stall cycles, a factor of safety (stall margin) must be provided

between the compressor operating line and the stall boundary. This is usually

done by nrescheduling the primary engine controls. However, the prescheduling

e

approach <an lead to the regquirement for a large stall margin in order to heep
the engiae from stalling under all possible transicnt and steady statre tlight
conditions. It is clear, then, that 4n engine control system that can sense
incipient destructive unstcady flow in a compressor and take corrective action
would allow for reduced stall margins ir the design and thus lcad to large

engine perfurmance and/or efficiency gains. Recognition of this fact has been

S -

the motivation tor a continuing program of research that the AFAPL has sponsored

at Calspan dating back to 1962,

The work at Calspan has been both theoretical and experimental in
nature and has been aimed at obtaining a sufticient understanding ot the rotat
ing stall phenomena such that its onset and its properties can be predicted
and controlled. The capability of predicting the onset of rotating stall un
isolated blade rows of high hub to tip ratios in low speed flows was demon-
strated in Reference 1. In addition, the basic feasibility of developing a
rotating stal! control system was demonstrated in the Calspan/Air Force Annnlar
Cascade Facility. 7This present report summarizes the latest three year
research program at Calspan. The specific goals of the present program were
to extend the fundamental studies of rotating stall to consider the effects of

compressibility, blad: rew interaction and inlet distortion; and to extend the




TR, o T

At R

T e TR T | g e T = HA =

fundamental aerodynamic and acoustic analysis of flow through a compressor.
In addition, the rotacing stall control system was validated by successful
ground tests on a J-85-5 turbojet engine.

The work i3 reported in three separate volumes. Volume I entitled,
"Basic Studies of Rotating Stall', covers the theoreticai and experimental
work on the effects of distortion and close coupling of blade rows on rotating
stall inception and properties. In addition, the theoretical analysis of com-
pressibility is treated in the two-dimensiona' approximation and the initial
development of a three-dimensional theory is given. Volume Il entitled,
"Investigation of Rotor-Stator Interaction Noise and Lifting Surface Theory
fur a Rotor', describes the develcpment of a linearized lifting surface theory
for the subsonic compressible flow through an isolated rotor row. In addition,
a theoretical and experimental study of the noise generated by the interaction
of a rotor and stator is described. Volume LI entitled, '"Development of a
Rotating Stall Control System', describes the development and testing of the
control system installed on a low speed research compresser and on a J-85-5

turbojet engine.

Volume I has been divided into two main sections which are Experimental

Rotating Stall Research und Theoretical Rotating Stall Research., The section
on experimental research describes the Jow speed tests run in the Calspan/Air
Force Annular Cascade Facility to investigute the effects of inlet distortion
and blade row interference on rot.ting stall. The section on theoretical re-
search describes the two dimensional stabilit, theory that was developed for
correlation with the above experimental data. In addition this section con-
tains the summary of the results of extension of the two dimensional tneory to

compressible flow and the initial developments of a three dimensional theory.

i
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SceTION I1
EXPERIMENTAL ROTATING STALL RESEARCH

As a part of the work undevr a previous program Contruct AF 33(615)-3357,
an annular cascade facility was designed and fabricated. 1Its principal purpose
is to provide detailed fundamental experimental data during and prior to the
occurrence of rotating stall in order to improve our understanding of the phe-
nomena and for use as a guide in improving the theoretical analysis. The
facility has also been used to evaluate the operation of a prototype rotating
stall control system and to provide acuvustic data for comparison with theory.
The acoustic measurements are described in Volume II of this report and the
control system tests are described in Volume III. This section presents the

fundamental experiments on rotating stall.

In previous programs using the annular cascade facility, rotating
stall hias been induced on a variety of stator rows with differing geometries
and on a rotor row at various stagger angles. The experimental inception con-
ditions and properties of rotating stall were measured. All of these investi-
gations were conducted in the absence of deliberate inlet distortion. We at-
tempted to minimize distortion although some unavoidable radial distortion was
present because of the use of inlet guide vanes in most test configurations.
The distortion was measured but no attempt was made to vary or investigate the
distortion. Since it is known that inlet Jdistortion can influence surge and
rotating stall inception, a major portion of the current program was devoted
to investigating the effects of circumferential inlet distortion on rotating
stall. This study consisted of two parts. In the first part, an isoclated
rotor was tested in the presence of distortion patterns which were stationary
in the laboratory trame of reference. In the second part, one of the distortion
patterns was rotated about the compressor axis at a series of angular velocities
while the rotor velocity was held fixed. The latter studv was designed to
determine if the time of passage of a rotur blade through a distortion cell

plays a significant rcle in blade row sensitivity to inlet distortian.

In addition to the inlet distortion studies, the current program in-
cluded a limited examination of the effects of rotor-stator interference on

the inc ption of rotating stall. The rotor row and stator row chusen for these
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experiments had previously been tested in isolation so that the conditions
; under which the individual rotor row and stator row undergo rotating stall

incepticn were known. Thus the presence of interference effects between the 3

STERTAR AT T

two rows when combined as a rotor-stator stage could be determined by compari- ﬁ

son with the individual blade row performances. The results were also used

for comparison with the predictions of rotating stall theory for multiple

blade rows.

The order of presentation of the experimental program in the remainder
of this section is as follows. A description of the annular cascade facility
is presented in Section II-A. Gection II-B presents the results of the study

of rotor-stator interference effects on rotating stall. Section II-C presents

i DAL S N P Sl S

the results of the rotating stall experiments in the presence of inlet dis-

tortion. This section includes the work on both stationary inlet distortion

and on rotating inlet distortion. Finally, in Section II-D, a summary of the
| experimental program un rotating stall is presented along with those .onclu-

sicns which can be drawn from inspection of the results,
A, DESCRIPTION OF ANNULAR CASCADE FACILITY

A detailed description of the arnular cascade facility has been pre-

sented in Reterence 1. Rather than repeat much of this detail, the followiny ]

description is oriented towards noting changes in the facility m.de during

the current program.

1. General Description

The annular cascade facility consists of a test section built around

SR TTRETTI AT T e s

| the outer front casing of a J-79 jet-engine compressor with a Calspan falL.i-
” cated hub. The facility includes a bell-mouth inle* on the outer casing and

a bullet nose on the hub to provide a smooth flow of air to the test section.

Outlet ducting is connected to an independently variable source of suction to

provide the required flow through the annulus. An electrically powered two- ;

speed axial rlow fan is used as the source of suction. Continuous control of




sk d

the mass flow is achieved through the use of variable inlet guide vanes to

the fan and a variable damper in the fan exit flow. Photographs of the ~om-

S B Y, TR

plete annular cascade facility and of the test-section portion of the facility
are shown in Figures 1 and 2, respectively.

T The test section of the annular cascade forms a civcular annulus

with an outer diameter of 29.35 inches and an inner diameter of 23.35 inches

which provides a hub-to-tip ratio of 0.80. The outer casing will accept up
Pow to six variable stagger angle stator rows. The hub has provision for two

rotor rows at the third- and fifth-stage rotor locations of the J-79 compressor.

=
i

At present, speed control on each rotor hub is independently variable in

either direction of rotation. The overall combination of variable stagger

T

angle stators, independently powered rotors, and independent mass flow control
provides exceptional versatility to the complete test rig.

S

: 2. Rotating Hub Drive Systems

During the course of the current investigations, two different drive
systems were used to pcwer the rotating hubs in the annular cascade facility.
The original drive system allowed both rotors to be driven at the same speed
or one rotor to be driven while the other was held fixed. All experiments

which required the use of only one powered rotor were perforned with this

drive system. However, the experiments with rotating distortion required each
rotor hub to have independent speed control. Thus the rotor drive system was

modified to provide this capability. The drive system modification did not

alter any dimensions within the circular annulus test section of the facility.

Both rotor drive systems are described in the following paragraphs. b

Details of the original rotating hub installation in the annular

cascade are shown in Figure 3. The main features of the design are as follows. ;

ot e i s T

There are two rotor assemblies, one centered at the axial location of the é

i 3

third stage rotor in the J-79 compressor and one centered at the J-79 fifth

stage rotor. Both of these rotors are driven by a common drive sharft. How-

ever, either rotor can be decoupled from the drive shaft and held stationary
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while the other rotor is driven. Alternatively, bdoth rotors can be driven,

but only at identical velocities in the same direction. Only the rotor as-
semblies rotate, the outer skin on the hub upstream and downstream of the

rotors and between the rotors 1s held stationary. ‘The drive shaft to the

rotors is powered by a 24 horsepower hydraulic motor. Rotational speed is
infinitely variable in either directiun betwuen zero and approximately 1500 rpm,
An external hydraulic pump system powered by o 30 hersepewer electric motor

is used to provide power for the hydraulic mctor. 1

The modified rotati . hukt inscailarion is shown 1n Figure 3. In
this design both the third and fifth staye rotor hubs remain in the same
axial locations as in Figure 3. The third stage :@otor shaft is driven directly
by the original drive shaft, hydraulic motor, and hydraulic pump system.
The fifth stage rotor is mounted on a concentric drive shart which is chain
driven by a second hydraulic motor. Power for this second hydraulic motor is
provided by a separate and larger hydraulic pump system with a 50 horsepower i
electric motor. With this modified hub, both rotor hubs have completely inde-
pendent speed controls and can be rotated in either direction. Herc again,
only the rotor assemblies rotate, the cuter skin on the hub upstream and
downstream of the rotors and betvecn the retors is held stationary. Mdximum

speed capability on the third stage rotor hub is approximately 1300 rpm. Max-

imum 1 capability on the fifth stage rotor hub has nout been tested, but
it is ,er than that of the third stage rotcr becaus: of the larger hydraulic

pump system.

The two rotor hubs have provision for accepting Jditferent numbers of
rotor blades. The stage 3 rotor hub i~ desiyned to accept 36 blades while
the stage 5 rotor hub is desigred to scecept 16 blades. The method of tastening
the blades to either hub allows individual adjistment ot the stagper angle.

Netails of the blade fastenings are shown In an tesert in Figure

In addition to rotor blades, two smmetric malei-lobke Ji tortion

screens were designed for mounting on the third stale vesar wan The onter

edgas of the screens are clears of the comprossor carinl o that =ty Jan be

o i it ' o — R Jﬂ‘
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rotated about the compressor axis. The screens are perforated steel plates.

- LT

The mounting svstem uses the same holes as the rotor blades. Details of the
screen mounting system are shown in an insert in Figure 4. This system
allows configuration changes to be made withour disassembly of the hub portion

of the rotating rig.

3. Rotor and Stator Blading

e oy

The tests performed during *%i's program involved either an isolated
rotor in the presence of inlet distertion or a closely coupled rotor-stator

stage. The fifth stage rotor and stator blades from a J-"3 compressor were

! used in these tests, unmoditfied except for blade length which was shortened :
; in order to fit irnto the three-inch annulus of the test rig. In each case,

the spanwise portion of the blades clcsest to the outer compressor casing was

% used. The ser of rotor blades has heen designated as Rotor Set No. | and the

set of stator blades as Stator Set No. | in keeping with the nomenclature used

in Reference 1. The ygeometric characteristics ot these blades have been 1
presented in Reference | 1long with letailed measvrements ot turring ana loss 1
performance when used as single »lade rows in 1solation. The extensi-e per-
formance data are not repeated aerein except where they are used for purposes
of comparison with the currert test resuits.  The blade geometrr. character-

1 istic- are repeated bhelow.

Rotar Set No., 1 has the =ame ~unhaer ¢ blades and i+ at the same
axial locatior as ~he fidel stage rothr in *oe ocrviginal 1279 compressor.  These
blades have a1 NATA AT Savae s shcyress oot on apoa circunlar are megn

line. 3

The geomesri - charasteri<rics are oacsa o Tt
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TABLE 1

Gecmetric Characteristics of Rotor Set No.

Blade Length

Bnlade Chord

Blade Thickness; Outer Diameter
Mid-Annulus

Inner Diameter

Blade Camber Angle (angle between tangents

to mean camber line of leading and trailing

edges); Outer Diameter
Mid-Annulus

Inner Diameter

Blade Twist

Number of Blades

Sotidity at Mid-Annulus

1

2.98

1.448

0.072

0.086
J.113

inches

inches (constant)

inch

inch

inch

23.5 degrees

28.0 degrees

32.7 degrees

See Below

46

0.805

b
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The blades in Rotor Set No. i. have a nominal twist of 14.5 degrees

over tie three inch span. However, measurements showed that in practice, the

L b e

twist over the center 2-} inches in these production J-79 blades varied be-

T

tween 10.8 and 14.4 degrees with an average value of 12.9 degrees. The blades
were installed in a sequence which distributed the nonuniformities in twist

over the complete circumference.

LT T T i T T TR T

A blade tip clearance problem was encountered on installation of
the rotor assembly in the annular cascade. The J-79 compressor outer casing
used in the annular cascade is about one-tenth inch out of round with the

split line diameter being the largest. In final assembly, the rotor wus

B e M

mounted in the casing with shims along the splir line which provided the

following tip clearances: 0.030 inch on the top and bottom and 0.046 to 0.048

inch on the sides. Since the stagger angles of the ro*tor blades are adjustabie,
the quoted tip clearances apply only to the mid-chord pivot points. Clearance
at the blade leading and trailing edges vary slightly with changes in stagger

; angle from the angle for which the tip contour wvas determined. The stagger

: angle used to determine the (ip contour was the maximum which was expected to
be used. The choice of lower reference stagger angles would have resulted in
interference between the blades and outer casing at stagger angles much larger

than the reference.

Stator Set No. !l has the same number of blades and is located at the
same axial location as the fifth stage stator row in the original J-"9 com-

! pressor. Its geometric characteristics dare listed in [ARLD 1]

!
i

>

1. Instrumentation

The outer casing of the annular cascade test section has been

modified to allow circumferential and radial traverses with hot-wire and

total pressure probes upstream snd downstream of the titth stage location.

These traverse locations are shown in Figure 2. Two probes can be accommodated
3 simultaneously in either of these traverse mounts with adjustable . 1roum
: ferential spacing between the two probes. In addition, simple radial traversces

can be made at various other locations in the test section,

it
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TABLE 1I

Geometric Characteristics of Stator Set No.

Blade Length

Blade Chord; Quter Diameter
Inner Diameter

Blade Thickness; Outer Diameter

Inner Diameter
Blade Camber Angle (angle between tangents
to mean camber line of leading and trailing
edges)

Outer Diameter
Blade Twist; Mid-Annulus
positive twist Inner Diameter
reduces stagger

Numbeyr of Rlades

Solidity at Mid-Annulus

10

(8]

.98 inches

1.316 inches

1.290 inches

0.15<1 inch
0.1132 inch

35.6 degrees

0 degree

0.28 degree

1.42 degree

54

0.85




A linearized two-channel, constant-temperature, ho*-wire anemometer

system was used in conjunction with a crossed-wire probe fc: the velocity and
; swirl angle measurements. Readout for the hot-wire systen was made by means
of a two-channel integrator-digital voltmeter system. Each linearized hot-
wire signal was integrated for 60 seconds and the tire average was calculated

from the readings on the digital voltmeters.

Total pressure surveys were made through circumferential traverses
with a multiple-tube total pressure rake. The total pressure rake was aligned
with the flow by using a Conrad arrowhead style yawmeter incorporated on the
rake. In all tests, the pressures detected by the rake were photographically

recorded from a multitube inclined manometer.

In most cases, rotating stall was detected and the number of cells

. i e o £ 1 e e . AR 5 . £ 7

and propagation velocity were measured by using outer-wall static pressure
taps connecteld to pressure transducers. Two pressure taps at different cir-
cumferential locations and at an axial location corresponding to the quarter-
chord on the rotor blades were used. In the tests with rotating inlet dis-
tortion, rotating stall was detected in several ways. The most informative
method consisted of measuring the mid-annulus total pressure fluctuations

just upstream of the rotor.

In all of the experiments, mass flow through the test section was

determined by measuring the dvnamic pressure in the constant-area annulus

upstream of the test section.

B. INVESTIGATION OF EFFECT OF ROTOR-STATOR INTERFERENCE ON
ROTATING STALL

Previous studies of rotating stall in the annular cascade facility

were concentrated on isolated rows of rotors on stators. Although the stator
row studies required the use of upstream guide vanes to generate the swirleaq

flow necessary to provide the conditions for rotating stall, the axial
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separation between the guide vane row and stator row was large compared to
the typical spacing of a cotor-stator pair usually found in a compressor
stage. Moreover, in most of these tests, both the guide vane row and the
stator row were stationary. Thus the current experiments were undertaken to
determine if interference between a closely coupled rotor-stator pair changes
the conditions for inception of rotating stall from those which are found on
isolated blade rows.

The notation for these experiments is shown in Figure 5 and a sketch
of the annular cuscade with its geometric dimensions is shown in Figure 6.
The rotor-stator stage used in the annular cascade consisted of Rotor Set No. 1
followed by Stator Set No. 1. These are modified blade rows from the fifth
stage of a J-79 compressor (See Section II.A.3). The steady state performance
of these blade rows had been determined previously (Reference 1) for the con-
ditions near rotating stall inception on each of these blade rows in isolation.
In addition, the inception point and properties of rotating stall of each
blade row in isolation had also been determined. In the current work, the
inception point and properties of rotating stall on the combined blade rows
were studied. The techniques used to measure rotating stall properties are

the same as those used on the isolated rotor. These have been described in
Reference 1,

The tests were performed for one stagger angle setting of the rotor
blades ( Se. = 40 dogrees) and for four stagger angle settings of the stator
blades (d,,, = 28.2, 37.2, 47.2 and 57.2 degrees). Since both rotor and stator
blades are twisted, the quoted stagger angles, d,, and d,, , correspond to
the values at mid-annulus in the onnular cascade. In addition to determining
the rotating stall inception point, propagation velocity, and number of cells,
the static pressure rise across the stage was also measured over a range of

rotor rpm's for each of the stator stagger angle settings.

A summary of the inception points found in these tests is presented
in Table III along with the isolated rotor results for comparison. In all

cases tested, the presence of rotating stall was detectable from signals

12
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generated by pressure transducers installed near the blade tips of both the
rotor row and the stator row. Thus, it is not possible to determine absolutely :

which blade row was responsible for rotating stall when it occurred. However,

e

for the two lowest stator stagger angles, d,, = 28.2 and 37.2 degrees, and to ]

a lesser extent for d,. = 47.2 degrees, the stall signals displayed character-

istics similar to rotating stall on the isolated rotor. At the highest stator

stagger angle, the rotating stall signals were very irregular on both blade E
rows but the general features looked more like those associated with stator

stall. In any event, both blade rows in the closely coupled stage appeared

to participate strongly in the rotating stall phenomenon.

L T T T e Y T 4y T

In Table III, the rotor speed at inception with increasing rotor
speed is shown along with the corresponding overall inlet swirl angle 5,,
relative to the rotor, Similar data are shown for the point at w. ich rotating
stall dies out as rotor speed i. decreased. The sign convention for angles is
given in Figure 5. For all of the cases tested, the addition of a stator

row downstream of the rotor row delaved the inception of rotating stall. The

2 el I
”

delay in inception increased as the stator stagger angle was increased. In ]
terms of rotor speed, the delay in inception was substantial (¥ 25%) at the
two highest stator stagger angles. The case with d,,, = 57.2 degrees is probably |
not of practical interest since the stator blades were either very lightly

loaded or even negatively loaded. Nevertheless, these data could be useful 3

for assessing the validity of the two blade row rotating stall theory under

widely varying conditions.

The delay in rotating stall incepticn to higher rotor speeds on the

coupled rotor-stator stage has a large effect on the static pressure rise at-

tainable by the stage. Moreover, the behavior of the pressure rise near stall

7T

appears to be dependent on the degree of loading of the stator blades. These

effects are discussed in the following paragraphs.

The static pressure rise data measured across the isolated rotor
and across the rotor-stator stage are shown in Figures 7 and $ respectively.

The data were measured both at the hub and at the tip through pressure taps

L4




R RTET - e T by e

R LUt o s 4t L AR

located on the inner and outer casings of the annular cascade. In these ex-
periments, the pressure rise data were obtained over a range of rotor speeds
with the mean axial flow velocity, U, , held constant at 60 fps. The pressure
rise has been made dimensionless by dividing by the dynamic pressure correspond-
ing to this value of U, . On each figure the presence of rotating stall is
indicated by tails on the symbols and the rotor speed at rotating stall in-
ception is indicated. In instances where inception displayed hysteresis,

data are shown both with and without the presence of rotating stall.

As expected, the isolated rotor data in Figure 7 show that the static
pressure rise across the blude row is greater at the tip than at the hub, and
that the difference increases with increasing rotor speed in the unstalled
region. This is in contrast with the pressure rise characteristic for a
stator row which generally displays the greatest static pressure rise at the
hub. See for example Figure 28 of Reference 2. When the rotor and stator =re
combined to make a stage, as in Figures 8(a) through 8(d), the difference
between hub and tip static pressure rise on the rotor and stator tend to
cancel provided that the two blade rows are well matched. In these figures,
the data iur d;,, = 28.2 degrees provided the closest match between rotor and
stator characteristics. As the stator stagger angle is increased, the blace
row matching deteriorates and the difference between the hub and tip static
pressure rise increases. The data in Figure 8(d) for d,, = 57.2 degrees is
a particularly bad mismatch. The data for the isolated rotor displays a
greater pressure rise over the full range of rotor spceds tested than the
data for the stage with d,, = 57.2 degrees. This is true even for the rotor
speed range whe-e the isolated rotor was in rotating stall while the stage

was not,

The stage pressure rise data behave as expected in the rotor speed
range wherz rotating stall is absent. At any given rotnr speed, the highest
pressure rise is attained when the stator row is most highly loaded
( dg,, = 28.2 degrees) and the pressure risc decreases progressively as the
stator row is unloaded ( Jd,, increasing). However, the pressure rise data
show an interesting feature as inception is approached. The attainable pres-
sure rise just before inception increases in value as the stator row is un-

loaded (except for the badly mismatched cuse J,, = 57.2 degrees;. Apparently

15
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decreasing the loading on the stator row increases the rotor speed at incep-

R e TR i ot

tion by an amount large enough that the maximum attainable pressure rise is
increased before rotating stall occurs.

TN

ot

With the isolated rotor (Figure 7) a small hysteresis in rotating
stall inception was observed and the pressure rise curves display a small
discontinuity in both magnitude and slope in the hysteretic region. For the
stage with d,,, = 28.2 and 37.2 degrees (Figures 8(a) and 8(b)) rotating stall

inception was again hysteretic and the hysteresis was not large in terms of

rotor speed. However, the discontinuity in the pressure rise curves is much
more pronounced especially for d,, = 28.2 degrees. At the two highest stator
stagger angles (Figures 8(c) and 8(d)) no hysteresis was observed at inception.
In these cases the pressure rise curves show a discontinuity in slope at in-

ception but there does not appear to be a significant discontinuity in mag-
nitude.

: The experimentally determined rotating stall propagation velocities
and numbers of cells are shown in Figure 9(a) for stator stagger angles of
28.2 and 37.2 degrees and in Figure 9(b) for stator stagger angles of 47.2
and 57.2 degrees. Similar data measured previously on the isolated rotor are
shown on each figure for comparison. At the three lowest stator stagger
angles the dimensionless propagation velocities relative to the rotor row are
J substantially higher than thcse found on the isolated rotor. There also ap-

t pears to be a small decrease in relative propagation velocity as the stator

‘ stagger angle is increased. Near inception, a single stall cell was found to
be propagating for stator stagger angles of 28.2, 37.2 and 47.2 degrees as
well as for the isolated rotor. After inception, the number of cells remained

at one for d,, = 28.2 and 37.2 degrees but increased to a maximum of four for

ds,, = 47.2 degrees. The number of stall cells on the isolated rotor increased
| to two well after inception. Thus for these cases, the number of cells near

; inception is similar to the isolated rotor and after incepticn there are some
small differences. The characteristics of the pressure signals from the ro-
tating stall sensors looked like those associated with rotating stall on the
isolated rotor.
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At a st-tor stagger angle of 57.2 degrees, the rotating stall
properties changed considerably from those found with the lower stator stagger
angles, The relative propagation velocities dropped to values near those
found on the isolated rotor and the number of cells increased to between seven
and eight. Moreover, as noted previously, the pressure signals from the ro-
tating stall sensors had general features which looked more like those asso-

ciated with stator stall than with rotor stall.

In summary, the comparison of rotating stall properties observed on
the closely coupled stage with those observed on the isolated rotor indicates
that the interaction between the blade rows in a stage can have a substantial
effect on the inception and properties of rotating stall. The most interesting
result was obtained on the stage with the stator stagger angle set at 47.2
degrees. With this configuration, the static pressure rise measured at in-
ception eliminated the sharp drop in pressure rise when rotating stall first
occurred. In Section III, the results of preliminary correlations between
the predictions of the two-blade row theory and the results of these experi-
ments are presented. These correlations are encouraging in that the theory
predicts that blade row coupling does stabilize the stage and appears to pro-
vide an accurate quantitative ' ilue for the delay in inception for a stator

stagger angle of 28.2 di grees. However, the theoretical predictions are based

on large extrapolations of the stator steady state turning and loss performance.

These extrapolations were necessary because it was found that the data avail-
able for Stator Set No. 1 4id not fall within the range of inlet conditions
which occur when the stators are coupled to Rotor Set No. 1. Mcreover, at

the larger stator stagger angles tested, the large delay in inception leads

to the problem of estimating the steady state losses on the rotor under con-
dition. which normally induce rotating stall on the isolated rotor. Thus it
is planned to extend the steady state loss and turning performance measurc
ments cn the isolated stator to include the required inlet conditions ard alsc

to measure the performance of the rotor row and stator row when ceombined in

a closely coupled stage.
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g C. INVESTIGATION OF EFFECT GF STATIONARY AND ROTATING INLET
v DISTORTION ON ROTATING STALL

There have been numerous tests which used circumferential distortion
at the inlet to multistage axial flow compressurs. These tests are usually
performed in order to determine the reduction in stall margin of the compres-

sor when subjected to such distortion. In some cases, the compressor appears

e T G T L Ty Sty e

to be most sensitive to a particular circumferential extent of the distortion
pattern. In fact, there is evidence that multi-lobe distortiun patterns, all
of which have the same total extent, can have different effects on compressor
: stall margin (e.g., References 3 and 4). This indicates that the observed
reductions in stall margin could depend on a di. :nsionless reduced frequency

or Strouhal Number which is formed from the time of passage of a rotor blade

through a distortion pattern, a typical relative flow velocity, and a typical
rotor dimension in the direction of the relative flow. A stall-delay concept
; based on the above idea has been recommended recently by Korn5 for the im-

provement of parallel compressor theories.

! Investigations of the above type are very useful for estimating the
effect of inlet distortion on compressors of vimilar design and for providing
some understanding of the parameters involved. lowever, they fall short of
providing an understanding which is sufficient to predict the way in which

inlet distortion can initiate rotating stall and surge. For example, it is !

1 possible that the geometry itself, such as the number of lobes, can effect
rotating stall inception independently of the passage time of a rotor blade
through a distortion lobe., Geometry dependent distortion pattern effects
similar to those obtained with the stall delay concept have been proposed in

Reference 6 by considering only the effect of a diffuser downstream of the
compressor.

The work presented in the following paragraphs was designed to

study the effect of circunferential inlet distortion on a simple configuration

3 consisting of an isolated rotor in a constant areda annulus. The configuration

was kept simple in order to tucilitare compacison with the theoretical studies
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nf Section III. In addition, these experiments were designed to search tor

unambiguous evidence that rotating stall inception may be sensitive to a re-

duced frequency wirvich contains the time of passage of the rotor blades through

the distortion pattern. In order to investigate reduced frequency eifects,

the experimental program consisted of two parts. In the first part, the ef-

fecy of stationary multi-lobe distortion patterns on rotatiag stall was studied.

Two symmetric multi-lobe distortion patterns were used. Each pattern covered
the same total area but one consisted of two lobes and one consisted of four

lobes. In he second part, the two-lobe dictorticn pattern was rotated about

the comprestor axis at different speeds while holding the rotor speed constant.

The latter study allowed variations in the relative reduced frequency seen by
the rotor without substantial changes in the geometry of the distortion pat-
tarn. Interpretation of changes in rotating stall inception observed in
these experiments is subject to less ambiguity than evidence inferred indi-
rectly from multi-lobe distortion investigations in which the geometry of the
distortion pattern is changed.

Both the stationary and rotating distortion investigations were
performed with Rotor Set No. 1 whose geometric characteristics are described
in Section II-A. This rotor set had already been tested as an isolated rotor

(Reference 1) so that its performance in isolation was available for purposes

of compz-.son.

The results of the investigation of the effect of circumferential
inlet distortion on 1otating stall are presented in the following paragraphs.
The calibration of the stationary multi-lobe distortion screens is presented
first. This is followed by a presentation of the results obtained with sta-
tionary distortion. Finally the results of the rotating distortion studies

are presented.

1. Calibration of Stationarv Distortion Screens

The notation used in the distortion studies is shown in Fizure |0
and a sketch of the annular cascade with the appropriate geometric dimensions

is given in Figure 11. As discussed in Section II-A-2 and illustrated ir

19
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Figure 11, the distortion screens were mounted on the upstream rotor hub so
that they could be rotated about the compressor axis. In the tests with sta-
tionary inlet distortion, two circumferential distortion screens were used,

one with two lobes and one with four lobes. These screens are sketched in

Figure 12. Figure 12(a) shows the symmetric two-lobe pattern (Configuration A).
Each lobe has a circumferential extent encompassing 60 degrees. Figure 12(b)
shows the symmetric four-lobe pattern (Configuration B). Each lobe of this
pattern encompasses 30 degrees. Tr 1 pressure surveys were made in the

wakes of the screens with a small total pressure rake which can be traversed

Y T

circumferentially over a limited range (approximately 30 degrees), in combina- ]

tion with the various screen locations. The screens could be indexed to any

circunferential position. The data were then analyzed as though the screens

f were held fixed at a reference position and the rake traversed over the com-
; plete anguiar range of interest. Figures 12(a) and 12(b) show the reference
{ locations of the screen elements.

The resulrs obtained from the total pressure surveys downstream of
screen configuration A are shown in Figures 13(a) and 13(b) for two different

rotor speeds, 500 and 950 rpm respectively. Similar data are shown in

: Figures 14(a) and 14(b) for screen configuration B. In all of these figures,

‘ the to.ul pressure coefficient, Cp «r,6) is defined as

: . YT i
’F o er. (r,8) = _;‘_;:LJ—:—

where =, is the total pressure upstream of the screen

b O o

i is the total pressure in the survey plane downstream nf the ]
screen ‘hut upstream of the rotor)

Y. is the mean axial velocity measured upstrean of the screen

.

r Py density

Each figure conta:ns circumferential, (@), surveys for various radial locations.

Ar . The origin for the vertical total pressure coordinate is displaced for

each &+ in proportion to the value of Ar . ]




The two rotor rpm's were investigated with each screen to determine
if there was any significant upstream influerce from the rotor on the screen
generated distortion patterns. At 500 rpm the rotor was practically unloaded
and at 950 rpm the rotor was loaded nearly to the inception point for rotating
stall. Comparison of Figures 13(a) and 13(b) for configuration A and Figures
14(a) and 14(b) for configuration B indicates that any upstream effect of the
rotor angular velocity ca the total pressure was insignificant.

In general, the distortion screens behaved as expected, generating
a relatively sharp edged wake with a total pressure coefficient relatively
close to unity. In all cases, the hub and tip wall boundary layers are evident
in the data for the smallest and the largest values of Ar , where the total
pressure coefficieats remain below :zero even outside of the screen wakes.

Following the total pressurc calibrations, the two distortion screens
were calibrated for swirl angle. All swirl angle measurements were made with
a crossed hot-film probe operated by two Thermo-Systems hot-wire anemometers.
The outputs from the two anemometers were linearized and then integrated for
a period of sixty seccads in order to obtain an accurate time average of the
flow angles. Air temperature variations were corrected for in the initial
calibration procedure prior to a test run. Since each data point in the swirl
angle surveys required a minimum elapsed time greater than sixty seconds, the
swirl angle measurements are more limited in the rumber of data points gathered
than were the total pressure data.

The results of swirl angle surveys between the rotor and the two-lobe
distortion screen (Configuration A) are shown in Figures 15(a) and 15(b) for
rotor speeds of 500 and 950 rpm respectively. Similar results are shown in
Figures 16(a) and 16(b) for the four-lobe distortion screen (Configuration B).
Each figure contains circumferential (8 ) surveys for five different radial

locations (Ar). The sign convention for swirl angle (A3) is shown in Figure 10.

The circumferential distributions of swirl angle generated by both
distortion screens are asymmetric, with the data measured near the hub showing

the largest variations. Moreover, unlike the total pressure distributions
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which were insensitive to rotor speed, the swirl angle distortion increases
significantly as rotor speed is increased. Almost all of the increased dis-
tortion in swirl angle with increasing rotor speed occurs over the lower half
of the screens (the lower edge of the screen is the one with the smallest
value of & ). The lar = variations in swirl angle, between the distortion
screens and rotor are similar to those observed under similar conditions in
other experiments. For example, see Reference 7 which comments on the results
obtained in several experiments. Apparently the swirl angle variations are
predicted reasonably well by actuator disc theory and the variations decrease
with distance upstream of the rotor.

2. Experiments With Stationary Inlet Distortion

Following the calibration of the two stationary distorticn screens,
the effect of these inlet distortions on the steady state turrning and loss
performance of the rotor and their effect on rotating stall was studied. The
turning and loss performance of the rotor is presented first.

Total pressure surveys downstream of the rotor were made with both
screen configurations for a wide range of rotor rpm and with the mean axial
velocity, U, , held constant at 60 fps. The rotor used in these tests is
Rotor Set No. 1 of Reference 1 set at a stagger angle, 4., of 40 degrees.
With screen Configuration A, the rotor rpm's used for the tests were 500, 700,
830, 950, 1000, 1050, and 1150. Rotating stall occurred during the tests at
1050 and 1150 rpm. With screen Configuration B, the rotor rpm's were 500,
700, 850, 950, 1000, 1050, 1150, and 1200 with rotating stall present at the
three highest values, These surveys were made with a total pressure rake
which spanned approximately one-half of the depth of the annulus. The com-
plete annulus was spanned by taking two sets of data, one with the rake set
close to the hub, and one with the rake set close to the tip. The rake in-
corporated a Conrad arrowhead style yaw meter at its mid-span. This was used
to align the rake with the local flow direction. Thus if there were signif-
icant deviations in flow angle between the outer and inner portions of the

annulus, the two data runs would allow approximate alignment of the rake to

account for these deviations.




The results of the total pressure surveys are shown in Figures 17(a)
through 17(h) for the two-lobe screen (Configuration A) and in Figures 18(a)
through 18(h) for the four-lobe screen (Configuration B). For a given screen
configuration, each figure corresponds to a different rotor rpm and the range
of rpm's extends from nearly unloaded (500 rpm) to loading beyond the inception

point of rotating stall (above 1000 rpm). The total rressure coefficient,

Cp (r,60) is defined as
i

C, (r,6' =
o YA
2

where H, 1is the total pressure upstream of the screen

I
-
n

the total pressure downstream of the rotor

U, is the mean axial ve'ocity measured upstream of the screen

0 is the air density

Each figure contains circumferential (&) surveys for various radial
locations, A7 . The horizontal reference line for the total pressure coordi-
nate is displaced for each value of Ar in proportion tc the value of Ar.,

Note that these reference lines do not always correspond to Cp_= 0. At
the higher rotor speeds for each configuration, C, = 1 was chosen as the

reference line in order to maintain the vertical scale ratio for Ar in these

figures.

The complete total pressure survevs presented in Figures 17 and 18
show several interesting f2atures. First, the distortion patterns generated
by the screens are not completely diffused by the rotor. The wakes are most
evident near the hub (small 5r ) and tend t> be more diffused after rotating
stall inception (above IOUQ.rpm). Second, the data chow distinct positive
peaks in the total pressure distributions near mid-annulus at a circumferential
location, ¥ , approximately ten degrees less than the location of the lower
edge of the screen (the lower edge is the one with the smallest value of 8 ).
The rotor spins in the direction of decreasing & and any deflection by the

rotor of the screen wakes shouid also occur towards smaller values of & .
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At the smallest rotor speeds, there is evidence of a corresponding negative
peak in the total pressure near the upper edge of the screen, but this is
small and dies out quickly with increasing rpm. Moreover, the positive peak
in the total pressure near the lower edge of the screen dies out after ro-
tating stall inception for both distortion screens. It is possible that the
peaks observed in the total pressure distributions arc a result of the response
of the rotor to the variations in inlet swirl angle generated by the distor-
tion screens. For example, the large negative values of inlet swirl angle
shown in Figures 15 and 16 nedar the lower edges of the screens iay be the
cause of the positive peaks in downstream total pressure in this same region.
The negative swirl angles in this region increase the local angle of attack
of the rotor and should increase the work performed by the rotor and thus the
downstream total pressure. The converse is true near the upper edges of the
screen but the effect is smailer.

Swirl angle distributions were measured downstream of the rotor only
for the two-lobe distortion screen (Configuration A). As will be discussed,
it was found that there were negligible differences in rotating stall incep-
tion and properties after inception for the two distortion screen configura-
tions. This result justified limiting the completion of these tests to one
screen configuration. Circumferential surveys were made at five radial lo-
cations for each of four differen:. rotor speeds (500, 850, 950 and 1050 rpm).
This range of rotor speeds extends from nearly unloaded (500 rpm) to a loading
beyond the inception point of rotating stall (above 1000 rpm). The measurement
of these swirl angles wss accomplished with the hot~film instrumentation

described previously.

The results of the swirl angle surveys are presented in Figures 19(a)
through 19(d) with each figure corresponding to a different rotor speed. Note
that the horizontal reference lines for the swirl angle coordinate do not
correspond to zerc values of swirl angle, A, , and that the reference values
vary from figure to figure. The variable referencc values were selected in
order to maintain the same vertical scale ratio for ﬁg in these figures,
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The swirl angles downstream of the rotor vary with circumferential

location, The largest deviations from the mean value occur just before ro-

tating stall inception (950 rpm) and decrease after inception (1050 rpm).
The extremes of the circurferential variations in downstream swirl angle are
approximately half of -hose observed upstream of the rotor and taey do not
appear to form a consistent trend which can be associated with the presence

of the distortion screen upstream cf the rotor. i

For each radial location at a given rotor speed, circumferential !
§ . averages of Bz have been calculated. Since the data only extend between i
r 24 deg €& < 168 deg, the full 0 to 180 degree circumferential range required

for computing circumferential averages (the distortion screen is a symmetric

two-lobe pattern) was obtained by assuming a linear variation in /3, for the

region where 5B, was not measured. The resulting circumferential average

values of the swirl angle,ﬁ-L , are compared in Figure 20 with similar data

for the isolated rotor (Ref. 1). 1In Figure 20, two degrees have been added

to the data measured with the screen in place. This has been done in order

to allow direct comparison with the shapes of the radial distributions for the

isolated rotor. Isolated rotor data are not available for a rotor speed of :
850 rpm. Thus a direct comparison for this speed cannot be made., However,

the isolated rotor data for rotor speeds of 800 and 900 rpm are shown in the

‘igure to provide an indirect comparison. At 1050 rpm, both the isolated

rotor and the rotor with inlet distortion were undergoing rotating stall.

e e et ittt i st st ot

] It is evident from inspection of Figure 20 that the radial distribu-
tions of ﬂu with and without the distortion screen are the same shapes to )
within the probable experimental accuracy of the data. In addition, it would

appear that the radial distributions of with the screen in place are an
pp A I {

almost constant two degrees less than those observed on the isolated rotor.

In general, the effect of the distortion screen on the flow turning performance

D i e R

of the rotor is very small. The rotating stall stability theory in Section III

i requires an overall average, /a » obtained by integrating the circumferential

averages ﬁg in the radial direction. In view of the consrant two degree dJif-

ferences in the circumfereintial averages, it is sufficiently accurate in this
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case to assumz that the isolated rotor measurements diminished by a constant

two degrees can be used for input to the theory.

It is somewhat more difficult to compare the loss performance of the
rotor with and without inlet distortion. In principle, such a comparison
requires that the radial distributions of total pressure measured in the
absolute coordinate system (as in Figures 17 and 18) be converted to a co-
ordinate system relative to the rotor and then integrated radially as in
Reference 1. The swirl velocities downstream of the rotor enter into this
integration procedure, However in view of the small constant difference in
the radial distribution of swirl angle, Zi , observed between the isolated
rotor and the rotor with inlet distortion, a valid comparison of rotor loss
performance can be made on the basis of the total pressure measurements made
in the absolute coordinate system. This has been done and the results are
presented in Figure 21.

In Figure 21, the overall total pressure difference across the rotor
is plotted in coefficient form as a function of flow coefficient. Both the
data for the isolated rotor and for the flows with inlet distortion are shown.
The notation in the figure is as follows:

where:

9, = Dynamic pressure corresponding to average axial velocity,(g-U:)

4, = Dynamic pressure corresponding to average velocity relative
a -3
to the rotor, 5 (U, + W, )
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Area Weighted Average of Total Pressure at Rotor Face

(Measured in absolute coordinate system)

+0¥
]

Area Weighted Average of Total Pressure Leaving Rotor
(Measured in absolute coordinate system)

U, = Area Weighted Average of Axial Velocity Upstream of Rotor

W, = Area Weighted Average of Rotor Velocity.

The average total pressures were computed by numerically integrating
the measured total pressure data presented in Figures 13, 14, 17 and 18 for
the cases with inlet distortion. These data include the effect of the boundary
layers developed on the hub and outer casing of the annular cascade both up-
stream and downstream of the rotor. The total pressure data for the isolated
rotor (Reference 1)} included the wall boundary layers downstream of the rotor
but not upstream of the rotor. In Figure 21, these original data for the
isolated rotor were corrected to include the upstream boundary layers by as-
suming that the dimensionless total prassure data measured between the dis-
tortion screen lobes were representative of the upstream boundary layers on
the isolated rotor. This procedure should be fairiy accurate since the geometry
of the annular cascade was identical except for the segments of the distortion
screens. Moreover the data from both screen configurations provided the same

value for the boundary laver correction to the isolated rotor.

It can be seen from rigure 21 that the dimensionless total pressure
differences across the rotor are nearly identica! for all of the data except
in the regions where rotating stall is occurring. For ipplication of the ro-
tating stall theory, it is only permissible to use the data measured prior
to rotating stall inception. These regions are labelled ''no rotating stall”
in Figure 21 and the small differences in the data are within the range of
the probable experimental scatter. Hence it is concluded that prior to ro-
tating stall inception the average loss performance of the rotor with inlet
distortion was essentially the same as that Jound on the isolated rotor.

Moreover, as can be seen in Figure !, rotating stall inception occurred at
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almost identical values of flow coefficient, @ , on the 1solated rotor and

on the rotor’ with circumferential inlet distortion.

In additicn to rotating stall inception points, the numbers of
cells and propagation velocities of rotating stall were measured for both dis-
tortion screens. These data were obtained through the use : € two static
pressure taps on the outer casing at the approximate axial location of the
rotor quarter-chord. The two static taps were separated by seven rotor blade
spaces in the circumferential direction. The rotor contains 46 blades; thus
the circumferential separation, A8, was 54.8 degrees. With the two-lobe
distortion screen, data were taken for two different screen circumferential
locations with rospect to the static pressure taps. This was done in order
to determine if the location of the pressure sensors relative to the distor-
tion screen has an effect on the detection of rotating stall inception and
its properties after inception. The location of the pressure sensors with
respect to the distortion screen had no detectable effect on the inception or
properties of rotating stall. However, at rotor rpm's well below rotating
stall, the pressure fluctuations due to blade passage were affected by the
relative location of the pressure sensors. A pressure sensor in the wake of
the distortion screen showed larger blade passage pressure fluctuations than
a sensor outside of the screen wake. As rotor speed was increased toward
rotating stall inception, the blade passage fluctuations outside of the screen
wike increased more rapidly than those inside the wake until, at inception,
the blade passage pressure fluctuations were approximately equal inside anu
outside of the screen wake. Moreover, rotating stall pressure fluctuations

were also approximately equal inside and outside of the screen wake.

The measured rotating stall propagation velocities are shown in
Figure 22 for both distortion screens. Previously obtained data (Reference 1)
for the rotor with no inlet distortion are shown for comparison. Note that
the propagation velocities, Vp, are presented in a coordinate system fixed to
the rotor blades and also that the propagation velocities have been made
dimensionless by the mean inlet swirl velocity, UV,. » relative to the rotor.
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The absolute rotating stall propagation velocity is related to the
relative velocity by Vpn/9%R= 1-(Ve/W,) where V, is the absolute prop.ga-
tion velocity and W, is the rotor velocity. The horizontal coordinate of
Figure 22 is the overall inlet swirl angle,lg,‘ , relative to the rotor. Th=z
value of 5:. was calculated as in Reference 1(Equation 10) and assumes that
local deviations in the relative inlet swirl angle due to the presence of the
distortion screens integrate to zero around the annulus. The number of stall

cells are indicated in Figure 22 by the numbers near the data points.

The data presented in Figure 22 show only minor differences in the
inception and properties of rotating stall with and without inlet distortion.
In all cases, rotating stall inception was slightly hysteretic, that is as
rotor rpm was increased ( ,Eu increasing) rotating stall occurred at a hi, 'r
value of rpm than the value at which it disappeared on decreasing the rotor
rpm ( 5% decreasing). With both distortion screen configurations, inception

-
occurred at the same valuq_of,@,. and this value was less than one degree
larger than the value of 3': at inception with no distortion screen. The
numbers of stall cells observed were similar in all cases, with the changeover
from one to two cells occurring at identical values of /g;'. With the dis-
tortion screens in place, relative propagation vclocities were slightly higher
than those observed with no distortion but the overall scatter in the data is
larger than the apparent differ-nces i. propagation velocity. In general it
can be stated that the presence of the distortion screens had a negligible
effect on the inception of rotating stall and on its properties after incep-

tion.

In sumnary, the comparisons of steady state turning and loss per-
formance and of rotating stall inception and properties on a rotor with and
without circumferential inlet distortion has shown only very small differences
in all quantities The largest difference is a small constant difference in
flow turning performance between the isolated rotor and the rotor with inlet
distortion. The nearly identical steady state turning and loss performance
of the rotor with and without inlet distortion may be fortuitous. However,

given these steady state performance similarities, it is worth noting that
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rotating stall inception and its proper+ies after inception were also similar
with and without inlet distortion. The implicatiocns of therce results are
discussed in Section IlI where the experimental results are compared to the-

oretical predictions.

3. Experiments With Rotating Distortion

The final tests performed in these studies of rotating stall were
designed to investigate whether there is a difference in rotating stall in-
ception conditions when a circumferential inlet distortion pattern rotates
at different speeds about the compressor axis. The multi-lobe distortion in-
vestigations mentioned previously (Reference 3 and 4) have suggested that
inception may be sensitive to a dimensionless reduced frequency based upon
the time of passage of a rotor blade through the distortion pattern. If this
is true, it should be possible to observe changes in the inception point on
a given rotor subjected to a given inlet dis*ortion pattern which has different
rotational speeds about the compressor axis. The changes will arise because
the passage time of a rotor blade through the lobes of the distortion pattern
will change as the distortion pattern changes speed. Evidence obtained in
this way would be subject to less ambiguity than that inferred from the multi-
lobe distortion investigations because the circumferentiai extent of the dis-

tortien pattern will remain essentially unchanged,

These tests were performed with Rotor Set No. 1 and the two-lobe
distortion screen (Configuration A) sketched in Figure 12(a). The configura-
tion of the annular cuscade was the same as that used for the tests with
stationary distortion (Figure 11). The procedure uscd in these tests was to
hold the rotor speed constant at 1000 rpm and study rotating stall inception
at a series of distortion screen rotational speeds. At each distortion screen
speed, inception was incurred by gradually reducing the mass flow through the

rotor from a high value to a low value.

Several methods for detecting the presence of rotating stall were
investigated. The most informative data were obtained by recording the unsteady

total pressurc fluctuations at mid-annulus immediately upstream of the rotoer.
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These records display the distortion screen wakes with the fluctu-
ations due to rotating stall superimposed upon them. It is these total

pressure records which are used in the following presentation.

The experimental results are presented as a series of Brush Recorder
strips in Figures 23 through 27. Each individual record is composed of two
recorder strips. The upper strip shows the dynamic pressure, g, , measured
in the constant area annulus well upstream of the distortion screen. (Sta-
tion 0 in Figure 11). The mean axial velocity, Uo , through the test section
is proportional to the square root of g . The value of ¢ , at rotating stall
inception in combination with the constant rotor speed (1000 rpm) is suffi-
cient to define the flow coefficient, ¢ , at inception. The lower strip
shows the total pressure difference, 4 P, between two probes, one mounted at
mid-annulus well upstream of the distortion screen (Station 0 in Figure 11)
and one mounted at mid-annulus just upstream of the rotor (Station 1 in
Figure 11). The connection between the pressure trancducer and the total
pressure probe at Station 1 was kept as short as pussible to obtain a good
frequency response. The frequency response was not measured but the results
indicate that it was sufficient to display the distortion screen wakes and
fluctuations due to rotating stall.

In each of Figures 23 through 27, the vertical scale factors for

4, and AF, are shown on the right side of the appropriate record strips.
The scale factor for g, is the same in all records (0.4 to 1.4 inches of
water). Two different scale factors were used for the total pressure dif-
ference, 4 P, . The first experiments, which were performed with the rotor
and screen rotating in opposite directions, used a full scale range from 0 to
-2 inches of water. (Negative values indicate a total pressure drop across
the distortion screen.) In later tests with the rotor and screen rotating in
the same direction, this range was found to be toc small. Thus the full
scale range for AP was changed to 0 to -5 inches of water. This change in
scale should be kept in mind when inspecting the AP, records. In all cases,
time is increasing from left to right and its magnitude is given between the
q, and AP record strips. Changes in time scale during a record are also

indicated.
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The first sec of records, shown in Figure 23, illustrate rotating
stall inception with the distortion screen stationary. These records cor-
respond to the test conditions used in the stationary distortion screen ex-
periments described in Section II-C-2. The measurements made during the sta-
tionary screen experiments were more comprehensive and used rotating stall
detection techniques which have been proven in past studies. Thus it is of
interest to compare results obtained from Figure 23 with the results of the

stationary distortion screen experiments. This is done in the following dis-
cussion.

Figure 23(a) was obtained with the downstream total pressure probe
(Station 1) in the free-stream area between the two distortion screen lobes.
Figure 23(b) was obtained with the same .otal pressure probe in the wake of
one of the distortion screen lobes. The prcsence of rotating stall is obvi-
ous in both the g, and the A4F record strips. The steady total pressure
drop in the distortion screen wake prior to rotating stall inception can be
seen on the far left side of Figure 23(b). The flow coefficient @ definer
in Section II-A-2 can be calculated from the rotor speed and the value of g,
at inception. These calculated values of 4 are 0,509 and 0.496 for Figures
23(a) and 23(b) respectively. These values compare well with che stationary
distortion data shown in Figure 21.

The expanded time portions of the AF, records on the right side of
Figure 23 show that with stationary distortion rotating stall is highly regu

lar with a frequency of 8 Hz. This corresponds to one stall cell moving at

an absolute propagation velocity of 48 percent of the rotor speed or a rela-
tive velocity of 52 percent of the rotor speed. The relative value falls
within the range of values observed in the earlier tests with stationary dis-
tortion. (Figure 22, Configuration A). The main difference between the total
pressure records in Figures 23(a) and 23(b) is that the distortion screcu

wake is evident both before and after rotating stall inception in Figure 23(b).
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In view of the good agreeme, between the results for rotating stall
inception inferred from the data presented in Figure 23 and the results ob-
tained in the more comprehensive measurements presented in Section II-A-2 for
stationary distortion, it is roncluded that the technique used to generate
Figure 23 can be usec to study the effect of rotating distortion on inception
of rotating stall. The results obtained with rotating distortion are pre-

sented in the following paragraphs.

Figure 24 presents a series of Brush record strips taken with the
distortion screen rotating in the direction opposite that of the rotor.
Parts a, b and ¢ of Figure 24 show the results obtained at three different
rotational speeds of the distortion screen. The full series of tests covered
the range of screen rpa's between 0 and -1000 in increments of 100 rpm. As
with the stationarv screen, inception of rotating stall is obvious in both

the AP, aad the g, record strips.

The left side of Figure 23 shows conditions prior to inception.

The 4 P, records indicate that the magnitude of the defect in the wakes of the
rotating screen increased with increasing screen rpm. This effect will be
illustrated more clearly in later figures where the average value of 4, was
held ~onstant. In this figure ¢ was varied in order to induce inception.
The ¢, records prior to rotating stall also show fluctuations at the passage
frequency of the distortion screen lobes. This indicates that the screen
generated disturbances extend well upstream of the rotating screen. The mag-
nituce of these g, fluctuations are probably larger than those in the record
strips since the g, transducer was connected to the upstream total and static
pressure probes by long tubing. For the purpose of these experiments, only
the time average velue of g 1is required at rotating stall inception. This

was obtained by numerically averaging the fluctuating 3, records at incertion.

Inspection of the expanded time scale records on the right ot
Figure 24 suggests that rotating stall is almost completely independent of
the distortion screen disturbances. This is particularly apparent at the

two lower screen r1 's where the AP, signals from rotating stall are eas:ly
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distinguishable from the screer wakes hecause the stall signals are substan-

tially larger than the wake signals. The rotarting stall signals show the
same characteristics as those obtaines with the stationary screer (Figure 23).
The screen wake signals are simpiv superimposed on the rotating stall signals.
Moreover, the fluctuating 4, recorcs show that the stall frequency is nearly
independent of screen rpm. Thi; frequency decreased a very small amount with

increased screen rpm, fro:i: 8 H: at 0 screen rpm (0 Hz) to 5.8 Hz at -800 screen
rpm (26.7 Hz).

Inspe:tion of the inlet dynamic pressure, g, » records at rotating
stail inception shows that as negative screen rotation increased, the average
vaiue of g, » and hence the average flow coefficient ci , increased by a small
amount. The quantitative effect of screen rotation on the average flow co-
efficient at inception will be presented shor:ly along with results obtained
with positive screen rotation. At this point it is sufficient to note that
the rotating stall inception points defined by 4, and also the frequencies
of rotating stall after incept:on were almost independent of distortion

screen rotation in a direct:ion opyosive that of the rotor.

Sample records obtained with the distortion screen rotating in the
same direction as the rotor are shown in Figure 5. Note that the L P, records
have a different full scale range than those shown in Figure 24, As with the
negative screen rotation, the full series of tests covered the complete range
of screen rpm's between " and 1000 1n increments of 100 rpm. Additional re-
sults were reccrded at 30 and 550 rpm on the screen because of some interest-

ing features in ihc overa.l reasults,

Prior to inceptinn of rotating stall, the 4 and &P, records in
“igure 25 show screen generatrd fluctuations similar to those observed at
negative screen rotations. However the average value of g at inception
varies considerably with positive screen rotation. The complete set of
records taken with positive screen rotation showed that there is a large peak

in the inception values of 4 . Tiis peak is centered about a screen speed
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of approximately 550 rpm. At lower and higher screen speeds the inception
values of g decrease. This result is different from that obtained with
negative screen rotational speeds where the value of g at inception was
almost independent of screen speed.

After stall inception, the AF records display a variable behavior.
At low screen speeds (Figure 25(a)) the rotating screen wakes appear to inter-
fere destructively with rotating stall, limiting the occurrence of large
smpiitude stall to intermittent intervals in time. This destructive inter-
ference appeared to reach a maximum at a screen speed of approximately
300 rpm (Not shown). At screen rotational speeds near 500 rpm, (Figure 25(b))
the screen generated disturbances become nearly in phase with rotating stall
and appear to reinforce the occurrence of rotating stall. The stall frequency
under these conditions appears to double, correspondinrg to a two cell ro-
tating stall pattern appropriate to the two lobe rotating distortion screen.

t screen speeds well above 500 rpm, destructive interference begins to occur
again (Figure 25(¢)).

The screen speeds at which rotating stall is reinforced correspond
to the peak values of g measured at inception while the destructive inter-
ference corresponds to decreasing values of g at inception. In the regions
of destructive interference, it is possible to distinguish the occurrence of
a smal] amplitude and a large amplitude rotating stall at different values of

g, - with the small amplitude inception occurring at higher values of ¢, .
These inception points have been labeled in Figure 25 in cases where tiey are
distinguishable. It is worth noting that the results obtained with negative
screen rotation (Figure 24) showed only larg: amplitude stall inception,
while the stationary screen (Figure 23) showed small amplitude inception which

rapidiy changed to large amplitude without a change in ¢ .

In summary, the results presented 1n Figure 24 and 25 for negative
and positive values of distortion screen rotational speeds suggest that ro-

tating stall displays an effect similar to resonance with the maximum etfect
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centered at a screen speed of approximately 550 rpm (55 percent or the rotor
speed). In a rotor fixed coordinate system this corresponds to a speed ratio
of 0.45 which agrees very well with the natural rotating stall propagation
speeds observed on the isolated rotor and on the rotor with stationary dis-
tortion Configuration A (See Figure 22).

Some additional records which display the similarity to resonance
are shown in Figures 26 and 27. In these figures the average inlet dynamic
pressure was held constant at one inch of water and a series of records were
obtained for fine increments in screen rotational speed. Rotor speed was
held constant at 1000 rpm. The result is somewhat similar to inspecting the
amplitude versus frequency response of a forced resonant system while holding
the forcing amplitude nearly constant. The correspondence is not exact since
the forcing function amplitude, AF; , increased with increasing screen speed
and the response depends on the constant value of g selected. In this case,

g, was selected to be above the value required for rotating stall inception
except in the region of the resonant peak.

The records obtained with negative screen speeds are shown in
Figure 26. Rotating stall was not occurring in any of these records. The
main feature to be observed is the increase in amplitude of the total pres-
sure defect, AP; , as screen speed is increased. This occurred even though
the value of g4, was held constant. It jis believed to be a result of increas-
ing swirl angle relative to the screen as the screen speed is increased. The
screen is composed of flat plates with holes drilled through them to attain
the required porosity. In this type of structure, changing the flow angle
from a direction normal to its face results in increased losses due to
changes in leading edge separation on the holes. The effect should be inde-
pendent of the direction of rotation. Similar results have been observed on
honey comb structures. In any event, as noted previously the increase in
AP, amplitude with negative screen speed did not have much influence on ro-
tating stall inception or on its properties after inception.
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The records obtained with positive screen rotational speeds are
shown in Figure 27. At screen rpm's of 300 and less (Figures 27(a), (b) and
(c)) rotating stall did not occur while at 400 rpm there is evidence of an
occasional small amplitude rotating stall in the 4Ff record (Figure 27(d)).
At 500 and 550 rpm (Figures 27(e) and (f)), large amplitude rotating stall
occurs regularly and is nearly in phase with the screen generated disturbances. %

S ——————eew e T

At rotational speeds above 550 rpm, rotating stall beccnes Intermittent and
of smaller amplitude until at 800 rpm, detectable rotating stall has disap-
peared. In the absence of rotating stall, the screen generated disturbances
in AP, increase with screen spoed in upproximately the same fashion as ob-
served with negative screen speeds (Note the change in full scale range of
the AP, records between Figures 26 and 27.) At high positive screen speeds,
the expanded time records for AF, display a change in shape but no significant
changes in amplitude. These changes may be due to an interaction between

the distortion and the rotor as the distortion speed approaches the rotor
speed. However, they are defini.oly not evidence of large amplitude rotating
stall and are not believed to be evidence of small amplitude rotating stall.

As noted previously, quantitative values for the average flow coef-
ficient, <§ , at rotating stall inceptinn can be calculated from the average
value of g9, at inception. This has been done for all of the records. The
results are shown in Figure 28 plotted as a function of distortion screen rpm
divided by the rotor rpm. When presented in this way, the resulting curve
is similar to that of a damped harmonic oscillator with its fundamental fre-
quency occurring at a screen/rotor velocity ratio of about 0.55. There are
no data available to define the peak of the resonant curve because the max-
imum flow coefficient attainable in the annular cascade was reached before
rotating stall disappeared in this region. The maximum attainable value of
@ is shown as a leavy dashed line in Figure 28. Points A and B in the peak
region were obtained at the maximum attainable @ rather than at inception.
The corresponding notes for A and B are included to describe the rotating
stall characteristics at this maximum value of § . The data presented in
Figures 26 and 27 for constant average g, correspond to 4 constant average
flow coefficient, & , of 0.586 in Figure 28. Thus Figures 27(e), (f) and (g)
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display large amplitude rotating stall at screen/rector velocity ratios of
0.5, 0.55, and 0.6 respectively, while Figures 27(d) and (h) displav small
amplitude rotating stall for screen/rotor velocity ratios of 0.4 and 0.7

respectively.

In previous experiments, the propagation velocities of rotating
stall on the isolated rotor and on the rotor with stationary inlet distortion
were measured. The results obtained for these naturally occurring rotating
stalls have been presented in Figure 22 for a frame of referen:e fixed to the
rotor. The range of these natural stall propagation speeds are shown in
Figure 28 in the stationary coordinate system appropriate to this figure.
Note that the peak in the rotating stall inception curve occurs at screen/
rotor speed ratios which agree almost exactly with the natural rotating stall
propagation speed.

The general characteristics for the rotating stall inception data
shown in Figure 28 agree with the observations made previously regarding the
cnaracteristics of rotating stall when it does occur. These may be summarized
as follows. At negative and zero screen/rotor velocity ratios, rotating stall
amplitude and frequercy are almost completely independent of screen velocity.
At low positive screen/rotor velocity ratios there is destructive interference
between the distortion and the rotating stall. Rotating stall becomes inter-
mittent and occurs as a small amplitude stall followed by a larger amplitude
stall at a lower value of § . The maximum destructive interference was ob-
se-ved with a screen/rotor velocity ratio of 0.3. The sam: value shows the
maximum delay in inception of large amplitude rotating stall (lowest valin
of § ). Near the peak of the inception curve, rotating stall becomes large
in amplitude and approximately in phase with the distortion screen wakes.
Moreover the rotating stall frequency doubles from its previous nearly constant
value. This indicates that the number of stall cells has changed from one
to two in correspondence with the number of lubes on the distortion screen.

At screen/rotor velocity ratios larger than the value at the pedaks uf the in-
ception curve, rotating stall again becomes intermittent and the amplitude

decreases. Here again, large amplitude rotating stall 1: preceded by small
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amplitude rotating stall and the flow coefficient at inception decreases
with increasing distortion screen speed.

The above observations on destructive interference and reinforce-
ment and the resonant-like peak response of the inception curve contradict
the hypothesis that there is a minimum time required to stall the rotor
blades, and thus that the time required for a rotor blade to pass through a
distortion cell wiil have a significant influence on rotating stall. If
the hypothesis were valid, rotating stall inception would occur at increasingly
larger values of flow coefficient as the screen speed approached the rotor
speed. Instead the data show a decrease in flow coefficient near a screen/
rotor speed ratio of one. Moreover, the destructive interference observed
in the data cannot be reconciled with the time to stall hypothesis.

In many ways the results obtained in the rotating distortion ex-
periments are similar to the results observed in the dampiag experiments of
Reference 1. In those experiments a disturbance was generated by rotating
a small flat plate about a radial axis. The plate was situated between two
of the blades in a stator row. It was found that rotating stall is almost
completely independ:nt of the disturbance excitation frequency unless the
disturbance frequency and the frequency of naturally occurring rotating stall
were closely matched. A small amount of destructive interference between
the forcing disturbance and rotating stall was also observed at disturbance

generator frequencies removed from the natural rotating stall frequency.

Thus both the previous damping experiments and the current rotating
distortion experiments suggest that the response of a blade row to circum-
ferential distortion and the occurrence of rotating stall on that blade row
are uncoupled phenomena except under conditions where the disturbance velocity
approaches the propagation speed of naturally occurring rotating stall.

This matching of distortion and stall propagations speeds is not likely to

be attained in a typical compressor since the distortion is usually stationary
while rotating stall propagates at some fraction of the rotor speed. The
observed dependence of stall inception on the extent of stationary distortion
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cells (References 3 and 4) would appear to be a result of phenomena other
than the time to stall argument (Reference 5). The dependence may be due to
the effects of a downstream diffuser such as studied in Reference 6.
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g E. CONCLUDING REMARKS

The results of two separate experimental investigations of rotating
stall have been presented in Section II. In the first investigation,
Section II-B, the experiments were designed to investigate whether inter-
ference between a rotor and a stator has an effect on the conditions for
inception of rotating stall., The rotor row and the stator row used in these
experiments had previousiy been tested in isolation so that the conditions
A ¢ under . iich the individual blade rows undergo inception were known. Thus the
: presence of interference effects between the two rows when combined to form
a compressor stage could be determined by comparison with the individual blade

g row performances. In the second investigation, Section II-C, the effects of ;
é circumferential inlet distortion on the inception and properties of rotating 1
§ stall on a rotor were studied. These tests were performed both with the dis-

; tortion pattern stationary in the laboratory frame of reference and with the
distortion pattern rotating about the compressor axis at various speeds.

The rotating distortion experiments were undertaken to determine if the time ]
of passage of a rotor blade through a distortion cell has an influence on the
inception of rotating stall. As with the blade row interference studies, the
! rotor used in these tests had been tested previously in isolation so that the
conditions which cause rotating stall on the rotor with uniform inflow were

available for comparison.

B

1 In all of the rotor-stator interference experiments of Section II-B, #
- the inlet flow conditions relative to each blade row were such that in the 1
f absence of interference, rotating stall would occur first on the rotor.
These studies were performed at a fixed setting of the rotor blade stagger 1

angle, but with four different settings of the stator blade stagger angle.
The combined results showed an increasingly larger delay in rotating s:all
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incepticn in comparison to the isolated rotor as the stator stagger angle was
increased, that is as the stator row was unloaded. Thus it is concluded that
rotor-stator interference does have an effect on rotating stall inception and
that the magnitude of the effect depends on the loading of the blade row which
would be unstalled in the absence of interference. The results of these ex-
periments are compared with the predictions of two-blade row rotating stall
theory in Section III.

The studies of rotating stull on a rotor in the presence of sta-
tionary circumferential inlet distor~ion, Section II-C-2, used two symmetric
multi-lobe distortion screens. Each screen covered the same total area but
one consisted of two lobes and one consisted of four lobes. The screens
produced square wave circumferential inlet distortion patterns with a total
pressure drop of approximately 1.1 times the dynamic pressure far upstream.
Comparison of the steady state turning and loss performance of the rotor
with and without inlet distortion showed only very small differences in these
performances. The largest difference was a small constant difference in
flow turning performance between the isolated rotor and the rotor with inlet
distortion. Similar comparisons of rotating stall inception conditions and
of the numbers of cells and propagation velocities after inception showed
negligible differences between the distorted and undistorted flow results.

Rotating stall inception and its properties after inception appeared to be ;
almost completely independent of the presence of stationary inlet distortion.

L

The studies of rotating stall in the presence of rotating inlet
distortion, Section II-C-3, were performed with the two-lobe distortion d
screen from the preceding tests. In these tests the distortion screen was
rotated about the compressor axis at various angular velocities, both in the
direction of the rotor velocity and in a direction opposite that of the rotor
velocity. The maximum screen rpm in both directions was equal to the mag-
nitude of the rotor rpm. For zero and negative screen rpm's (screen rotating

in a direction opposite that of the rotor), rotating stall inception and its

properties after inception appeared to be almost completely independent of
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the presence of inlet distortion. However the results obtained with positive
screen rpm werc greatly dependent on screen rotation. When the screen was
rotuted at a velocity near that of the propagation speed of rotating stall

on the isolated rotor, inception occurred considerably earlier and rotating
stall appeared to occur in phase with the distortion screen disturbances.

At screen speeds other than that corresponding to the natural stall propaga-
tion speed, rotating stall inception was delayed relative to the in-phase
value. When the compressor flow coefficient at inception is plotted as a
function of screen/rotor speed ratio, the resulting curve is similar in shape
to the amplitude versus frequency curve of a damped harmonic oscillator with

its resonant frequency at the natural propagation speed of rotating stall.

The overall results of the studies with stationary and rotating
inlet distortion suggest that rotating stall inception is significantly in-
fluenced by circumferential inlet distortion only when the distortion dis-
turbances are nearly in phase with the rotating stall which would occur
naturally on the same rotor. This matching of distortion and rotating stall
is not likely to occur in a typical compressor with stationary inlet dis-
tortion. Experiments which display a dependence of stall inception conditions
on the circumferential extent of stationary distortion require an explanation
other than the hypothesis that rotating stall depends on the rotor blade pas-
sage time through a distortion cell. Such dependence may be a direct result
of the geometry of the distortion pattern in combination with the presence of
a diffuser downstream of the compressor (Reference 6). In the current studies,
diffuser effects were minimized by extending the constant area annulus far
downstream of the rotor and terminating the constant area annulus with an

annular honeycomb structure.

In addition to the results discussed above, the experimental in-
vestigations provided qualitative and quantitative data which are valuable
for guidance of the theoretical development and for assessing the success

of the theoretical predictions by comparison with experimental results. (See

Section I11).
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SECTION II1
THEORETICAL ROTATING STALL RESEARCH

A. INTRODUCTION

The primary questions that have been addressed by the theoretical
studies are the effects of distortion, close coupling of blade rows and
compressibility on the inception conditions for rotating stall. The previous
program at Calspan (reported in Reference 1) showed that a two-dimensional
small disturbance stability theory was capable of adequately predicting
inception conditions for isolated blade rows of high hub-to-tip ratio in low
speed flows, Consequently, the major portion of effort during thre present
program was concerned with extending this theory to include the above mentioned
effects. In addition, the development of a three dimensional rotating stal!

theory was initiated and its present state of development is reported here,

The analysis of distortion has been treated by an extension of the
small disturbance stability theory given in Reference 1. This strictly limits
considerations to small distortions of the mean flow, but proves adequate to
explain the qualitative trends found in the experiments reported in Section II
where the distortion was not small. The distortion analysis is presented in
Section III-B.

The two-dimensional stability theory had been formulated for a two
blade row configuration in Reference 1. A limited amount of correlation of the
two blade row theory was also given there but tne spacing between blade rows
for the configurations analyzed was evidently so large that no sigrificant
effects of spacing on rotating stall inception were found. The primary effect
found for those configurations was that the blade row spacing determined the
number of stall cells that occurred at inception, but the relative swirl angle
for inception was essentially unaltered from the isolated blade row case. The
results of the present study of closely coupled blade rows drastically alter

this second conclusion. The present results indicate that for a normal tvpe of
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closely coupled rosor-stator stage, the inlet swirl to the rotor at which
rotating stal! occurs is considerably higher than for the case of the rotor

alone. The analysis for blade-row interference is presented in Section III-C.

The previously developed stability theory1 for incompressible flow
has also been extended to consider the case for wholly subsonic flow external
to the blade row. The extension proves to be straightforward and does not turn
up any new mechanisms that influence the onset of rotating stall. Namely, the
slope of the loss curve as a function of inlet swirl is still the dominant blade
row characteristic that influences the stability of a given flow configuration.
As such, the theory is expected to give an adequate prediction of the rotating
stall boundary provided that the appropriate loss characteristics of the
blade row in compressible flow are available. This analysis is presented in
Section III-D.

Although a two dimensional theory has proved adequate to describe the
rotating stall phenomena that have been observed in the Calspan/Air Force Annular
Cascade Facility (a low speed test rig of high hub-to-tip ratio) there are
man’ practical configurations where this situation does not obtain. In particular,
the first stages of manv actual jet engine compressors are of relatively low
hub-to-tip ratio where three dimensional effects may be important. For this
reason, the development of a three dimensional stability theory was initiated
under the present program. The overall format of :he theory wil! be the same
as in the two-dimensional c-ase in that the stability of a basic mean flow to
unsteady perturbations will be studied. The first task in developing such a
theory is to obtain a realistic but tractable representation for the mean
steady three dimensional flow through a blade row such that the perturbation
analvsis Jdoes not become so complex as to obscure the physics of the flow
process. A simplified actuator-disc model has been developed as a viable
candidate for this required mean flow representation. The model 1is not limited
to small turning through the blade row and uses two-dimensional blade row loss
and turnirg performance (such as would be available from conventional cascade

tests) i a strip theory fashion. This analysis for three dimensional flow is

presented in Section 1II-E.
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B. EFFECTS OF INLET DISTORTION

The analysis of inlet distortion has been made within the framework
of a two-dimensional incompressible flow model. It was shown in Reference 1
that this type of analysis was adequate for high hub-to-tip ratio configurations.
Strictly interpreted, the two-dimensional assumption restricts the analysis to
consideration of distortion patterns that have only circumferential variation.
However, it was found in Reference 1 that some radial variations in flow
quantities can be handled by using appropriate radial averages. Presumably,
this would also be true for the distortion problem.

The flow model employed is similar to that used in the small disturbance
stability theory of Reference 1. We briefly restate the basic assumptions that
are inherent in this type of modeling:

The flow is incompressible (low speed)
The blade row has high hub-to-tip ratio
The annular area is constant

& N

The flow disturbances have wave lengths in the circumferential
direction ( Y-direction) which are large compared to either the
blade spacing or chord.

5. The local performance of the blade row is only a function of the
local inlet swirl and dynamic pressure and may be obtained in a
quasi-steady fashion from the steady state performance data.

Assumption 4 in conjunction with 5 implies that the admissible dis-
turbances have a low reduced frequency based upon the velocity relative to the
blade and the blade chord length. This is consistent with our pre\ious results,.

It has been suggesteds that the phenomenon of ''stall delay'" is im-

portant to the fashion in which inlet distortion influences the stall boundary
of a compressor stage. In reality, this is the same phenomenon that was referred
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to as a boundary layer lag time for separation in the early rotating stall
works. The basic idea is that when an airfoil (or blade row) has its angle
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of attack (inlet swirl) suddenly increased to a condition where the airfoil .
would normally be stalled then the boundary layer does not respond immediately !
to the new conditions but requires some time to adjust. During this adjustment
period, the airfoi) (blade row) may exceed its normal steady state perfcrmance

limits. It was found in Reference 1 that the occurrence of this phenomenon

was not essential to the development of a rotating stall; consequently, it has

not been considered in the ensuing analysis of distortion.

e o S L 1 S

In addition to the previously mentioned restrictions on the
flow model, the following analysis will be limited to the case where the
! : distortion is a smal] perturbation on the mean steady flow. It was found
necessary to limit the theory in this respect in order to obtain analytical
results. Moreover, the use of this assumption and the theory of linear systems
would allow us to immediately state the results; however, since the linearized
theory adequately explains many of the experimental observations given in
Section II-C, the formal development will be presented in detail.

] The flow through an isolated blade row in incompressible flow is 3
considered. A finite thickness two-dimensional actuator as shown in Figure 29
is used to model the blade row. Also, an arbitrary, but prescribed, distortion
in total pressure and/or velocity is indicated ahead of the blade row. Sub-

! scripts o's indicate quantities in a blade fixed coordinate svstem. The trans-

-

formation between blade fixed coordinates and the laboratory fixed system is

s ol

given by:
X = X

Yo = Y -Lv;t

S

t, =t

where W, 1is the blade velocity in the laboratory fixed system. The conditions
upstream of the blade row are denoted by a subscript 1 while conditions downstream
of the blade row ar: dencted by a subscript 2. The mean flows upstream and

downstream of the blade row are unitform but of different swirl angles. The
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mean absolute swirl in each flow region is denoted by 5‘ and is equal to
W,/ U, . The blade row is moving with an absolute -elncity ¥, and the non-
dimensional blade velocity is given by.ﬁ = w,/U, . The relativ~ swirl with
respect to the blade row is denoted by 4, and is givenby 4, - S - 3 .
The total flow quantities which are denoted by a hat are decomposed in steady

and unsteady parts as:

VJ{ - Vdi +ow, (x, g t)
Ui. = U‘ + u.;(x'li.t,’
:‘g l Ht t *‘ (X,’.:)

where H is the total pressure.

It is assumed that the steady s*ate performance of the blade row

is known in the following form:

The turning performance of the “iade row is .:.en by
I'd
JJ - G‘\J')

and the lusses through the blade row are giver ov

“

1. ro, R
H Ho - L v o(ut.
o, = o, 3 4 /0 { Vo, + WO'

where Y = Y /+,) is known.

R By the quasi-steady assumption, the .nstantareous values ¢

Jz w Q,L in unsteady flfw are cbtained v 1nputing the reguired .nitantaniecus
values of j; , &o' , and W, in the above functicns. We assume that the
distortion wave does not alter the mean part of these quasi-steady relations.

In the actual use of thesc relations, thev will be linear:ied about theair

steady state values.
We start by considering the distortion pattern. C(learl!s, the

distortion pattern must satisfy the equatio=s of =motior. Since tie flow 1s
incompressible, the distortion pattern may be descrihed - a stream func:iion

‘-o



V(z,,,:) which is related to the velocity components by 0- ?y/ic, and
we - J¥/72x . The equation for the stream function is
in v in v in

P i,az'na,'a

(n
where 1 = - V‘y'and is the vorticity. We should note that Equation 1 is not
limited to small disturbances, and applies to a general rotational unsteady
flow. Now we are interested in solutions of Equation (1) that represent wave
like patterns superimposed on a uniformly swirled steady mainstream. That is,
we seek solutions of the form

“(a.xob.,‘ct) i(!Iom,ont,\
v - U‘-«;—wbx+ac s e (2)
T St two terms represent the mean flow with swirl )J. - -gl and the

.@€Cunu twWo terms correspond to unsteady waves of arbitrary amplatude o and
A respectively. The a, b, ¢, 2, m and n are complex constants. Now it may
be verified by substitution that Equation (1% has solutions >f the desired
form provided that the following conditions hcld:

C¢Ua.0~“4"b"0 (3
&
Ae Jd e N =D 4
4 N
a ;- .-
.~a -old, <a’. o‘-;m s 17, > - 3
. -

Conditions '3 and ‘4 :ndicate that the waves are convected :rn the
aean flow direction. Since these conditsons do not involve the wave amplitude,
X and 4 , we arr:ive at the very :aportant concliusion that with regard to
solution foras >f the 2ype .2 the fiow 2Cts as 3 .l:inear <vstem. 1% 15 not
demonstrated here, bu? these types of relat:ons general:ize 13 an arhcrar:
number of waves u per:mposed d>n the mean flow. Moreover, .t may bde shown
that waves which are different narmonics 9f the same fundamentai frequency
sat1sfy Equation /3:. It should also bde noted that the disturbance strean

functions eaplored .n Reference i are of the form considered here.
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These results have the following significance for the present analysis.

1)

The analysis is limited to small distortion because the blade
row performance is linearized about its mean value not because

of the type of velocity perturbations considered.

The usual methods of Fourier analysis may be used to build up an
arbitrary distortion wave ahead of the blade row. In the
following work, we will consider a single arbitrary Fourier

component of distortion ahead of the blade row.

The usual method of studving the stability of a flow 1s to
perturb the flow with a small periodic disturbance and determine
under what conditions the disturbance 1is damped or amplified.
When the basic flow is time dependent as in the present case,
this type of analysis can become quite complicated. IHowever,
since the perturbations to be considered are of the same form uas
the basic Fourier component of the distortion wave arnd we have
just shown that they do net interact, and since the blade row
(actuator) performance 1s lineari:ed atout 1ts mean performance
point, we may formally split the problem into two parts. The
first part turns out to he the stability analvsis o5f the rean
flow without the distortion wave! This 1s precisei. tht prov.en
considered i1n Reference |. The second part of the pronlem :s
the response of the blade row to the distortion wave. “:nce
the first part ot the problem :s adeguatel.s treated .n Heferer ..
we will concentrate on the second part in the following word .
Of course, the same spl:it up of tie problem can he accomp.:shed
by a formal lineari:zation procedure whereby we would cons:ider
the stabilitv of small periodic Jdaisturbances super:mposed [po-
a small distortion =ave. However, the present Jiscover:ics
allow this spiit up without Tecourse ¢ arpuments that .mo.ac

the relative orders of smallness of these disturhances.
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TR T




in the following analysis, we will consider the response of the blade
row to a distortion wave. It suffices to consider the velocities associated
with a distortion wave since if they are known, the definition of total
pressure may be used to calculate the corresponding total pressure variation
of the wave. The distortion problem has many similarities to the stability
problea considered in Reference 1. Namely, the solutions for the disturbance
velocities upstiream and downstream of the blade row are of the same general

form and contain three undetermined constants. These constants are determined
! by applying the same matching conditions across the blade row. The notation
' of Reference | will be followed as closely as possible.

s

It is sufficient to consider the response of the blade row to a

single, arbitrary, Fourier component of an upstream distortion wave. The

[T ———

perturbation stream function in each flow region is readily a.ailable from

the work of Reference ! as

H
!

r ok L1 4 S1S5 (£ o)) gter e ZE
r {XQVQr) - {n‘ e * B e ‘Ds e ‘
Tip " ~

T,

where the A, , B, , D, are constants in eacn flow region . and the sub-

‘e

script a denotes that we are considering the n Fourier component. Prescribing

the distortion is eg.ivalent to specifying D.a and since the svstem is linear

L A e

and 15 being forced a: a Jres.rited frequenc., the response will occur only

at this prescribed frequenc Hence, we need only consider the single Fourier

AR AL

component .n each flos regicn that carresponds to this forced frequency.

]

if

L4
P

Since the Fourier compenent Lf the fistortion 1s spey ed. then _ s also

g specified as Oppusesd 1o being a4 frec jparameter i, the stability analvs:is.

Furthermore, ( will Se all rez., otherwise the specified Jistort.on =ave
would grow or Jdie outl exponen” aliy with time. Then, the overall probiem wili

oe to solve for the response . e . 2 _, 3 and 2,  for a specified

—om L3
”~

input, O, , and determine tunditicns for the response 0 become unbounded
"

1 A s O 1§ 10

The remaining boundiry condit:ons an’i matchiang conditions will be
those used in the analysis of Reference .. In the folioming anaivsis, the
sudscript for Fourier comp-nent nmumber ,3.} e Jropped. The : ndition of
boundedness at upstream anc oenstream nfinit: requires A o @, - 0 Then

et
ol

(6)
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assuming that the distortion, i.e., 0, , is prescribed, the analysis on pp.

46-53 of Reference 1 can be extended to include the D, terms. Again, three

equations are required to determine 8, , A, and 0O, in terms of 0, . The

i
same threc matching conditions; namely, mass flow conservation, vurticity com-

patibility, and the flow deflection relation, are used. With these, the
homogeneous system of equations in the stability theory, Equation (26) of

*
Reference 1, 1is replaced by the corresponding inhomogeneous system of equa-

tions of inlet distortion response theory; namely,

ittt e LA LU L e

. a, a - - - |
1 -e -e ! FBH/D, [ -1 ;

' . é' 2 . 3

,. Sjrr-E, - ghe SCSTRERNPRI IV V2N M PR Sre. AL "”‘.j)ﬂ,
e : . q, - |
é , La0+1Jﬂ (h;Jﬁe 4Ae ) JLQ/QJ i 14A ) %
4 M %
E where é

Z, = (1+;4) ﬂ%(roJﬁ)X'+X] %

F 2, = 1+d, (Ao M) 3
1 A = £r + {1
nu,
dn
q . RV !
i8]
- nx, n
E Q, » - . 2z Aem §
] r r
f “an "L, -
‘ Y= T e o, |
x - X
IJ. E
A = .’_J!
iJ

*
Equation J& Oof Referencc . odtainse a Tvpographical esror The Rracier

-3 - "3 °
in Reference | shouid read
5 -
. &
g

¢
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Equation (7) is a system of three simultaneous linear equations in
B,/D, , A,/D, and D,/D, . The solutions are

f B,/0, = o0,/ (9)
R/D, = &£,/ (10)
D;/D, * ‘Ol”'c (11)

where the determinants are

| : &, a,
i 1 ‘e a ‘e é
D = “4Al e q) - £, -jAe ' -[(Ao.!z)dzu]e 3
. Q h/
, a(r+ryd,) (1 -1.!2): ! ;Aed! (1<)
Q @
-1 e d -e . -e ! i
x(7’ V) ' : . ?
o o= 2, (X -1eZ——a——114)q -1./\6 -[(A* J,?J,":le .
4ar (1-3d0e"" 4 e (13)
: a
E 1 -1 -e ! ; ]
: N A : . ]
ﬂl‘l -’A(?o?)-l' Za(x-UOL%i)——OIAQ -[(A'JI)JIQ’]C ) (14)
a(yo;J') 1a.A 4 Ae l
| ! ! -e® o
; ! ) Q, v o XedA :
; o0, = -grlreq)-2, TAre ZR-e =040y asy
a(reyd,’ (r- g€ gax
The deterainant &7 can be expanded Hut and wr.tten in the forn
ac.al
J = \2 oq"»e \ o,,, JJ— X - \.\ lt-
where . ~
- * . 1
R P A e e — g? .J' X . Jx. Q;J_.J‘u» 1=
{d+q° {
18"
. . - 3 J F . *
e P A — & Xecoed,calr-d -7 0 d X »
2.4 4
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New examining these results, it can be concluded that 8, , O, and A,

will be finite unlesc o®»0. From Equation 16 this can only occur if A--QJ+¢)

or AsA, . The first case is impossible since, as noted previously, C is

completely real for specified inlet distortion. The second case would require

I.PN) =0 (19a)
and R P (X)) « A 2 -’-'-6- (19b)

.
But, the condition described by Equation (19a) can only occur if the inlet
conditions to the blade row are such that the blade row is on the rotating
stall boundary with no distortion p.esent and Equation (19b) requires that

the prescribed distortion have the propagation speed for the self excited
rotating stall wave. Hence, we find that the distortion will have no effect
on the flow unless the undistorted flow conditiops would produce rotating stall
and the distortion has a Fourier component corresponding to a natural rotating
stall wave under those conditions. In effect. the sys:tem is then in resonance,
that is, we are then forcing & linear system at its natural frequency. Of
course, in the viciiity of reschance, we expect the velocity perturbations to
hecome so large that the linearization 1s no longer valid. [n this reg:on,

the nonlinearities willtake over to [1mi1t the amplitudes of the mot.on. Then,
based upon the l.near analysis, we expect that Jdistortion w=ii! not affect thne
rotating stall boundary unless the blade row 15 near stall and the Jistore: n

has a2 Fourier compcnent which would correspond to the natural rotating sza

aode of the blade row. (Omparison with the resqi?s of the ereridaents 197 .

rotating distortion screen .see Figuve 8 s:ow that this is the lase

It snould be pointed cut that 3 i:neariled sma.l Periurtaticn 1dL-s5is
would result 1n a simrjar conclusion for more Jompiex flow $1TuatIdNS Such as
multipie blade rows and variable annuius irea  N\amel.. That the distorsion
would not affect the $2al! line anless %he J1s207%10n Tul Ine S+stem in
resonance. That is5, once 2! iinearied stadiiity Soundary kas heen Setermined
for a gieen flow case using the Proper "iade 10w jerformanie anld SNwadar: Jon-
ditions for that case'. the addition Of smail J1stortion 20 %he flow i e

fashion Jone here wili: 2Aly resuwi?! in unbuunded biade v response ! e
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distortion wave has a Fourier component corresponding to the natural rotating
stall mode for that particular case.

It should be reemphasized that the foregoing analysis and conclusions
assumed that the distortion wave did not influence the mean steady performance
of the blade row and the blade row performance was linearized about its mean
steady operating point. Some effort was spent upon trying to remove this
assumption from the analysis and thus arrive at a ncnlinear stability theory.
Unfortunately, this type of analysis cannot proceed very far without resulting
in the requirement for numerical solutions. The analysis, however, did reveal
the following points which aid in the understanding of how distortion affects
the stability of the flow.

1. For nonlinear blade row performance we cannot formally split the

problem into two parts, i.e., the stability and response problems
cannot be treated separately.

te
.

In the nonlinear case the response of the actuator contains all
the Fourier components in the upstream and downstream disturbance
velocit:es. This resuits in the distortion wave interacting with
the hlade row to produce a perturbation of the aean steady swirl
up stream and downstream of the blade row. This perturbation

dies out exponentially with distance from the blade row; but 1in
effect, results 1n the blade row seeing a Jditferent nean inlet
swir! and producing different mean performance cur-es for the
blade row in the real nonlinear cace ther. ea h 1ndividual
413%0r%i0n wave will produce new mean tlow conditions for the

blade row whi:h arc Jdependent upon the type of Jdistortion being
considered

M the dasis Jf the theoreliia. nAirsis perforsed. se were uasble 2o
dras any gemeral comclusions about the :ateraction of the Jistortion wave and
the sedn flow, but on the basis >f the experimenatal resuils ! sould appear

*hat these effects are dnl: 1MEOItARL AL TEIOBARE
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C. THEORY FOR CLOSELY-COUPLES BLADE ROWS

In a typical compressor stage, the spacing between blade rows is less
than a chord length. The effect of this close spacing has been investigated
experimentally in the annular cascade facility using a stage consisting of
Rotor Set No. ! followed by Stator Set No. iI. The experiments are described

above in Section I[I. Here, we will discuss the corresponding theoretical
calculations.

The two blade row stability theory was developed and applied to four
cases in Rererence |. These cases were Stator Sets Nos. 1, 4 and 5, each 1in
conjuiiction with the stationary inlet guide vanes, and Stator Set No. 6, in
conjunction with the rotating inlet guide vanes. The spacing between blade
rows was large (several chord lengthsi i1n all of these cases to corresponds to
the experisental arrangement. The predicted results generally agreed well with
the experiments. One case was rur with the spacing halved and the results
were presented in Figure 31 of Retference |. Untortunately, there were no data
for comparison.

In the present study, one of the computer programs Jdeveloped to 1a-
plement the two blade row aralysis of Reterence | nas Seen monditied to nandle

The 1aput th the fora n ownlch 1t o atlanie tor tne sTage Jonsisting ot

Rotor Set M. | and Stator Set w. 1. The turniag and loss data for Rotor

» -y

S5e? Ww. . perat

b

2% 1so0lation are Jiven 1o Figures 35 1o 37 ot Reference |

R
These Jata are used as hefore, exCANT for tne Correstion 2f some errors in

. - * - N » 3
<A reduotion N BATTIog AT, Thue (38T Tac o gns

Talied daTa punts tor the

CoerRLl TO%Al pressurs (3¢S Jovetfeocient N7 iobe v 37 ot Reterence | are
T jarge The :orrectec data are giver :n Figure 3: Thus, the corrected

1a%3 Aave 3 Jecreased slone o tre (v Cur.e s o tne LR S H

Jafortunatel:, the turning and i2ss 2a%a tnat are availatrie tor
322307 Set wo. 1 dperating in isolation Pigures .. and 13 3Y Reference ! are
Jimited 1n reistive inle? swirl angies o the range of angles near which
TRt Ing $Ta0l uTred o THIS set The re 12,2 nis® swir! angles t

55

T L, 17101%s 0f ralating stall.

i s ol

o kb i St b



o ez

Stator Set No. 1 in the present experiments are those corresponding to the

outlet swirl of Rotor Set No. 1l and are considerably smaller than those for
which Stator Set No. 1 data exist. Therefore, extrapolations of the data were
necessary. The way in which the data have been extrapolated is described in
the next paragraphs.

The Stator Set No. 1 flow turning data in Figure 11 of Reference 1
were obtained for inlet swirl angles, 5, , greater than 53 degrees because
it was in this range that rotating stall occurred on this blade row. For the
present calculations these data must be extrapolated down to /5, values of
about 20 degrees. The extrapolation was done as follows. First, the flow
turning data for Rotor Set No. 1 were examined because they had been obtained
over a wide range of operation (Figure 36 of Reference 1). Those data were
recast in the form of total flow turning angle |/§,.| - LEI.] versus mean
angle of attack |A,. | - |d..|, where /§" and /3" are the inlet and outlet
flow angles relative to the blades, respectively, and §q. 1S the rotor stagger
angle. The results are plotted in Figure 31 (without denoting the individual
data points), for dJ,, values of 30, 40 and 50 degrees. These data collapse

quite well into a single curve, particularly at angles of attack below 10

degrees. The main discrepancies are at the higher angles of attack for each &, .

Next, the Stator Set No. 1 flow turning data (Figure 1l of Reference 1)
were recast in the same form of |,§,] - [,5,[ vs 14| - |6, ] . where & is
the stator stagger angie, and are plotted in Figure 32 for &, = 28.2, 37.2,
and 37.0 degrees. A single correlation curve has been drawn on Figure 3 to
pass approximately through the data points and to have the same behavior at
the lower angles of attack that the Rotor Set No. 1 data had in Figure 31.
This correlation curve in Figure 32 was then used to generate the desired ex-
trapolations for each of the &, values. The operating range of Stator Set
No. 1, when used in conjunction with Rotor Set No. 1, inciudes conditions for
which /5, is less than &, . For these conditions, the flow turning 1s
assumed to be symmetrical about ,3, * d,,, - The final extrapolations so
generated are shown in Figure 33, where the actual data peints are indicated

by the symbols.
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The extrapolation method for the loss data could not be established
on such a firm basis. No loss correlations analogous to those of Figure 31
could be found for the data of Rotor Set No. 1 (Figure 30). Instead, those

data could be used only as a guide for the extrapolations for Stator Set No. 1,

which are presented in Figure 34. In particular, the minimum value of the
total pressure loss coefficient,éla.,. was taken as 0.2 for &,,, = 28.2 and
37.2 degrees, as was measured for Rotor Set No. 1 at the two lower stagger
angles. A larger value of the Z&E,' minimum was used for &, = 57.2 degrees,
analogous to the rotor result for &,,, = 50 degrees. The loss data also were
assumed to be symmetrical about /3, = &4 » just as for the flow turning
extrapolations of Figure 33. It is unfortunate that a better loss data extra-
polation could not be found because, as discussed in Reference 1, the slope
of the loss curve is the key parameter in the stability analysis.

Numerical calculations based un the two blade row stability theory
were carried out for the stage consisting of Rotor Set No. 1 followed by
Stator Set No. | using the extrapolations. The rotor stagger angle was

San = 40 degrees to correspond to the experiment. The computed damping
factor for the stage is plotted as a function of the relative inlet swirl to
the rotor, 8, ., in Figure 35a both for the rotor alone and for the rotor with
the stator at §,,, = 28.2 degrees. Rotating stall inception occurs when the
damping factor first goes to :zero and the experimental inception points are
shown for comparison. Rotating stall occurred with one stall cell both ex-
perimentally and theoretically. The presence of the stator delays stall both
in theory and experiment by roughly the same amount.

The computed propagacion velocity of the one-celi rotating stall
pattern is plotted, in the absolute coordinate system, in Figure 35b as a
function of 3, , again for the rotor alone and with the stator at §qy = 28.2
degrees. The computed curve is dashed beyond the theoretical inception point
to indicate that the theory is not strictly applicable beyond initial incep-

tion. The experimental propagation velocities at inception are shown as well
in Figure 3Sb.
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Mumerical calculations were also carried out at stator stagger angles
of 37.2 and 57.2 degrees. At &, = 37.2 degrees, there was a slight addi-
tional delay in the predicted rotating stall inception point, but not as much
as was found experimentally. The predicted absolute propagation velocity de-
creased still further which is counter to the experimental results. However,
the loss data at &g, = 37.2 degrees is much more limited than at d, = 28.2
degrees, see Figure 34, so that there is not as much confidence in the extra-
polation. At &, = 57.2 degrees, there is only a small range over which the
extrapolated stator data overlaps with the rotor data of Figure 30. These
rotor data were obtained at rotor speeds up to 1200 rpm. Since rotating stall
inception occurred experimentally on the isolated rotor at 1000 rpm, all the
performance data between 1000 and 1200 rpm were measured with rotating stall
present and so include very high losses. For numerical calculations at

d,,, = 57.2 degrees with the two blade row stability theory, the rotor per-
formance data in rotating stall were used between 1000 and 1200 rpm. The
discontinuity in a loss curve at inception was faired out for this purpose.
Rotating stall inception on the stage with d,, = 57.2 degrees was not pre-
dicted up to the 1200 rpm limit. This agrees with the experiments where in-

ception did not occur until a rotor speed of 1275 rpm was reached.

The results for a closely coupled rotor-stator row are encouraging
since the basic trends of a delay in rotating stall inception and a reduction
in the stall propagation velocity are predicted qualitatively. However, the
large extrapolations which were necessary in the steady-state loss and turning
data, make quantitative comparisons of limited value. More significant cor-
relations must await the acquisition of steady-state loss and turning data on
the isoiated stator row at the required inlet conditions as well as the
measurement of the performance of the rotor row and stator row when combined

in a closely coupled stage.
D. EFFECTS OF COMPRESSIBILITY

The flow model and overall method of analysis emplovaed in the stability
theory treatment of compressible flow through a blade row are quite similar to
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the incompressible analysis. The major differences are the introduction of
one more dependent variable, the density, and a corresponding additional
matching condition across the actuator which is derived from the energy
equation. The flow model is shown in Figure 36 where again the blade row is
modeled by a finite thickness actuator. The flow region upstream of the
blade row is noted as region 1 and that downstream as region 2. The mean
swirls upstream and downstream are constant but of different values. Quantities
in a blade fixed coordinate system are denoted with a subscript o. The trans-
formation between blade fixed and duct fixed corrdinates is given by

X, = %
Go = Y- Wt
t - t

where W, is the blade velocity in the duct fixed system. This velocity is

. . . . = W : .
given in non-dimensional form by 0, = If- where ¢ denotes the flow region and

[}

U, is the mean axial flow in region . . The mean absolute swirl angle in
each region is denoted as ,6; and the tangent of 5_ is defined as J§, the
absolute swirl. The relative swirl with respect to the biade row is given by

A;.St-ns'

Following References 1 and 2, all of the total flow quantities, which

are denoted by a hat, are decomposed into steady and unsteady parts as

-

A

Nos AN e W
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where @2 and O are the pressure and Jdensity, respectiively, and lhe . Jenites
the flow region. The assumptions On the unsteady flow are 2asicall: e same
as in the 1ncompressible case, :.¢., the flowm betwmeen Slade rows .3 onsidurec
iaviscid, so that frictional and Reat conducticn effects are neg.cected.
Generally, however, the flow wii. e rotational to retfiect tne [0sses 1t-
curred in the blade row. The unsteady disturbance juan?it:ies are assufed Lo

be much smaller than the steady quant:ities 3¢ That tne e¢gaations of =ot.on Jan

be linearized about the sztead: flow.




The resulting linearized equations of motion are those of continuity,

x- and y-

where the

momentum and energy; namely,

i ) | (20)
2. + U i& W Zi + R tiu‘ ’ e ] =0
at + ix ¢ i‘f ¢ ix i‘} -
: 21

ii + U —Ji‘ - a—‘b * ’— d—P‘- - 0 ( )
it ¢ dx Ydy R, dx
f‘_"i..u.!:'i+wi“i‘?'—a—ﬂ-'0 .
dte dx ¢ a‘j Qa J‘f

3 _a? -al o
e ca ot e AL AR P (23)

Jt ‘ Jx . dy

speed of sound @, is given by a" = 7P /R, and is constant in each

tlow region; ¥ is the ratio of specific heats. It will be observed that I°N

and o are coupled with the velocity components. This is in contrast to the

incompressible case where 0 is zero and p, decouples.

case, 1 stream tunction can be defined and the equation solved for it, where-

4pon . Lo

ansteady compressible flow, but Equations (20) to (23) can be solved by assuming

sOlutions

The 4 Jirection with period 2Imtm. r . The fiow is neutrally stable if C, = o

wJ and o can be evaluated. A stream function does not exist in

of the form

glce s 2L “
SR N % e (24)
}'\C“:,’-,"
’ L s 2
AL I * a € (25)
peee 28
€ v o4 =M ae (26)
4
Pict e el
5t 4.t = M.z oe
(27
:.-: <. and 1 s the number of stall cells and r is the mean
the b

lade row. The resuliing Jdisturbance is spatially periodic in

dnstable 1f <« 0 and stable if C - 0.

o0

In the incompressible
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if Equations (24) to (27) are substituted into Equations

Jour coupled linear ordinary differential equations 1in ?f. &L, .M and M,
are obtr.aed. These have been solved and the result: are
) n
“;(l.‘j.t)'D;blf’[-mlt+cto—ri1§
4
. 4_ nrd nd,
ﬂ‘(irn‘ﬁﬂi FJ) v 4 l m, M * , :—- e+ ct ’,21]
R;U&(j’".'ﬁ) L re M "
i ﬂd‘ -
B‘(f M‘IA.‘O 9%) m‘ \'.-1 - ” ‘
. nd e 4 ¢ - M Tercre T, y
RU(§mi+ 22) T - (28
” m ) - [X
. W ; "t
W;(l,(i,t) - MPfLm‘l’fCt# r]
1.% ‘(’- an N ”ﬂ Pn '{ IEL :1
— L 1 -——-———£' X+ ct o
R, U ( a&;) r-M r
r

_ ,‘%a;o-M“) o | [mM-,"“ et ] @®
R, U, (?' m, + L‘.i*) # ‘ ! - M" r
. m M . Iﬂi‘ n
P, E Y, L) = H‘upf[ _—-fr—Lz+Lt+.l]
te M, r
. nd;
M- o n (30)
¢ B,‘m*[ "_ﬁz'-r_xa-ct*_}}

! ' n
,aicx.g,t) - ;-; #;(Z.Lj,t)'*fi m#[—m‘.x+cé+—’-?-:|

i

) BL ’ DL ’ 5;

where A,

(31)

are constants to be determined by the boundary con-

ditions and the matching conditiors, the axial Mcch number is ™M, = U, /a,,
(c+-V)/U , and d;* [1-M (r-r
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There are ci1ght constants %o he le*erained from ‘he Soundarsy [on-
Jitions. The doundary :onditions at upstrearm and downstrear :nfinity allow
the immediate determination of four of these constants. Reguiring irrotational
isenstropic fiow apstream of the tlade row gives J,° E‘ *« 0 . Requiring
hounded suiutions at upstream and Jownstream intinity gives S r a:v 2 . The
tour remaining constants are Jdetermined hy the matching conditions across the
actuator, namely, the conservation of mass flow, conservation of vorticity,
tlow turning relation and conservation of energy. The first three o“ these
matching conditions are similar to the incompressible case, with considera-

tion tor variable density, and the fourth is new for the compressible flow case.

These matching conditions will be outlined in the following. The

conservation of mass flow across the actuator is
p a
Upo, + R -U 0, - u,R + caod a—:_/.pds -9 (32)
]

In vector form, the vorticity compatability condition is

a - - - - - 2 - ] -
ﬁ V¥ vda - ﬁ(\/<ﬂ)'dr‘ a = (/;Sp-l V,a)-ol.b + F.d2 (33)
where the line integrals are taken around the countour indicated in Figure 36
and F indicates the frictional forces. Introducing the total pressure loss
cosfficient ¥ as defind in Section IIIB and taking the limit as side 2
approaches side 4 ‘ivudation 33 becomes:
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i L4 a ' .
where #, is the coefficient of thermal conductivity in region . , % 1is the
gas constant and a, is the gound speed in regici ¢ . In the above expressions

the integrals appearing are calculated assuming that the functions appearing in
the integrand have a linear variation between blade row inlet and outlet con-
ditions. The turning relation is of exactly the same form as in the incom-
pressible case, Equation (25) Reference 1. Substituting Equation (28) through
(31) into those matching conditions results in the following homogenious set of
equations.

2

»

. 0 (36)
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The characteristic equation is then
o
A1 0 (37)

which gives the allowable values of XA (or ¢ ) for self excited disturbance

waves.

Equation (37) is not a simple polynomial as was the case for incom-
pressible flow, hence we cannot make an analytical comparison with that case.
However, Equation (37) has been solved numerically for several cases and the
calculations for Stator Set No. 4 (from Reference 1) at a stator stagger
angle of 28.2 degrees are presented in Figure 37 as being representative of
the cases examined. In these calculations, the experimental low speed turning
and loss performance (given in Figures 12 and 15 of Reference 1) have been
used as the required inputs to the theory. This data was used for two reasons.
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Firs:, appropriate diade row performance Jata under compressidie flow cond:t:ions
w43 20 Avaiiabie. Secondly. use of Ihe (Ow speed 3818 Bliows 8 diTest Im-
PAXISOn with the Tesults of the IACOMpPressitie theoretical results and there-

by 1solate the effects of compressidie flow alone on the stadiiity bdoundary
Figare 37 indicates that compressible fiow outside the blade row has a siight
destabilizing effect on rciating stall 1ncepiion but results in a si:eable
increase in the stal! propagation velocity relati.e to the biade row. The
siight effect on inception conditions would indicate that compressibiiity Jdoes
not significantly alter the flow mechanisam :involved in rotating stall. More-
over the siope of the loss curve with inlet swirl stili appears to dominale

the stability of a given flow configuration.

The present results suggest the possibility that the stability of
a compressible flow configuration may be approximated by using the compressible
flow hlade row performance in tha incompressible theorv. Concrete proof of
this contention would require using compressible flow blade row performance in
voth theories and comparison of the results.

E. THREE-DIMENSIONAL THEOQRY

Although the various versions of the two-dimensional smail disturbance
stability theory have been reasonably successful in predicting the rotating
stall boundaries for the configurations tested in the Calspan/Air Force Annuler
Cascade facility, there are many practical compressor designs of low hub-to-
top ratio where the two-dimensional assumptions are not expected to be valid.
This has been the motivation for the three-dimensional theoretical studies.
However, the overall approach of studying the stability of small disturbances
superimposed on a mean steady flow that was used in the two-dimensional case
appears to be substantiated by the correlations with experiment and will serve

as the basis for the three-dimensional analysis. The first step in this approach

for the three-dimensional case is the development or selection of an appropriate
analysis for the mean steady portion of the flow, Once this portion of the
flow model is available, an appropriate stability analysis may be performed.
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Severai methods of predicting the steady flow IATOUZN 3 Dlade row availiable
PR tae lilerature were sumeved butl ~one wore foumd satisfactiory. for sarious
reasons. and therefore, an Approfriats APProiisile BetHOS was devel ped.
srief review of the requirements 0! the steady flow model and of modeis al-
ready availadle will precede the doscription of the approuisate mode)
deveioped under the present program.

It is required that the msuderl for the mean flow de capabie of repre-
senting the losses and large turning that occur across & biade rom whea 31t is
near the rotating siall boundary. This essentially limits comsideration 2o
some sort of actuator disk model where empirical turning and loss data 23y be
introduced. Aithough three-dimensional inviscid calculations through a hiade
row using finite differeiice schemes have been developed by Raee'), 1t i§ not
yet possible to introduce viscous or separation losses in these calculation
procedures. As such, the flow through the blade passages cannot be calculated
in Jdetail but must be modeied by 4n actuator. The overaii appruach the. wun-
sists of developing axisymetric solutions for the flow upstream and downstream
of the blade row and matching them with the¢ appropriate conditions across the
actuator much in the same fashion that was smployed in the two-dimensional

10

theory.1 Such a model was developed by Marble = but unfortunately this model

is limited to small turning through the actuuntor. Actuator models allowing
for large turning through the blade row have been developed by wu11 and Ontes.lz
These works, however, use an eigen function expansion procedure which result in
analytical expressions for the steady velocity components which are too com-
plicated to allow for a stability analysis for the unsteady flow. In addition,
thase approaches, as currently formulated, are limited to flows in constant
area annull. Eigen function expansion solutions were also given for unsteady
perturbations superimposed on free vortex and wheel swirled flows in constant
area annuli by Korrebrock.13 This work only considers the propagating wave
forms that occur in such £lows and does not include the decaying modes that
would, in general, be required to represent a blade row., Also, this work
suffers the limitation to constant area annuli, Oates and Knightl4 and Oates
and Caroyls have developed a fairly general calculation procedure using the
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eae of finite eiements. These wmethods souid de technically suitadle for
the present purposes excepl tTHAt he nulerical calsniations iavolved were
sevonsd the s<ope of the Present prograz.  The actual method developed nar de
considered as a siuplifiad version of the finite element approach.

1. General Theory

The present analysis considers the steady flow of an i1ncompressible
fluid through a bdlade row 1n a constant area annulus. The methods emploved,
WOy g v ; 3
however, will leave open the options for extending the analvsis to compressible

flow through a variable area annulus. The actuator wil) be considered as

1afinitely thin, since, the extension to finite thickness, is not considered

Y

difficult. The basi. idea of the present analysis is to represent the flow
quantities in the regions upstream and downstream of the actuator, by poly-
nomials in the rad:ai variable with coefficients that are functions of -k
axlal vaviable., These cocfficients will then he derarmined by aatiarying the

equations of motion in an integrated or average sense.

The buasic system of momentwn and continuity equations for steady

axisymetric flow are

a
vy oW L P (38a)
ir iz r P z
VECORTE I N I (38b)
i 2 P 42
yIW L ydy YW (38¢)
r 2 r
- -—?—(rV) + w 0 (38d)
r ér 2
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The coordinate system is indicated in the following sket:n

The velocities in the r , & and 2 direction are denoted as V , w and U

respectively. The static pressure is deroted as A~ . The actuator is locazted
at Z = 0. The annulus of constant area has an inner radius denoted by r, and
an outer radius denoted by 7, . The boundary conditions arve:

o No flow through the annulus walls

V‘O atl ""‘r’r (39)

. Uniform flow at upstream infinity

U=y, , V. We0 ; Z2—-o (40)
) All quantities bounded at downstream infinity
° Flow turning and loss relationships specified through the actuator
° The U and V velocity components are continuous through the actuator
Instead of working directly with the velocity components and pressure

as dependent variables, it was found to be more convenient to work with the
following defined quantities:
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» A strear fTunition ¥ Jefined such that 3
v ot o5 v,

then Equation 3847 1s sat:sfied i1denzicallv ;

® The total pressure divided Dy density
; e . 2 . & 3 .
H'i*—{s’}v?Oﬁ,:
o) 2

® The product rw

o The & component of vorticity
n e Yo 0 |
’ iz ir

Substituting these definitions into Equation (38) and usirg the

definition of vorticity, the governing equations for these quantities become:

Ver * Vaa - 7-!' Vo = -7 0y (41) :
"

iH ¥ . rw 1 . 5
7r T e m o rw) om0 (42) f
a—”+ﬁn-’—“:_a-crw)-o (43) i
4 r 6 r* dz !

b Lrw) - ¥ L (rw) =0 (44) ;
ro9z * ar !

Upstream of the blade row we must have.ﬂbz 0 ,H « constant and ]
! W = constant = 0, and the only unknown flow quantity is ¥ which is determined
by the homogeneous version of Equation (41). Now ¥ is to be approximated by

a polynomial in r and it has been found that a three term polynomial is the
lowest order polynomial that may be used without resulting in a trivial solu-
tion., Hence, for the initial stages of the analysis, we consider only a three
/ term polynomial approximation for the flow quantities with the understanding
that no steps in the analysis will be used that would prevent generalization

to higher order polynomials.
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Ne first define a perturbation stream function by
t . P ]
S ';- U. ro+ @
Then we find that ¢ satisfies the following equation.

¢ff’¢ll-%ér-a

(45)
The appropriate @ will be of form
$ - awm + a@r + a@rt (46)
The &, are to be determined by satisfying Equation (45) on an
integrated basis. Namely, we require that
n, .
f'r‘(gp” TR KL 47)

"

for ; = 0,1,
Sufficient values of 1 are used to provide a number of equations equal to the

number of unknown functions. Using the wall boundary condition, Equation (39)
we find that

a, = Kod.z + *.

a, = Koa, +#,

where K, = rpry

K, = =(r,+ry)
and 15, and %, are constants to be determined. This effectively leaves only

one unknown function, &, » S0 that only the 4 = 0 version of Equation (47) is

needed. This becomes an ordinary differential equation with constant coefficients
for a, viz.

R,a.: + ﬁiaz - *'ﬂ’

(48)
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where 4 e - {r, -7, )3
' 6

]

ﬁz- K?.h;—

T
A -
n

and the primes denote differentiation with respect to 2. The general solution
of Equation (48) is

A -m7 md
7','. v+ C e . C, e (49)

>

a, = #

f

h
wherern-({?g and is real. Application of the upstream boundary condition
]

gives
#, = %, « ¢ o 0

L J 1 []

and C, remains unknown at this stage. (, is renamed &, for convenience of
the following analysis. To this stage of the analysis, we have then

mi
a, = K, G, ¢ (50a)
mE
a, = K G e (50b)
ma
a = Ge (50¢)

Now proceeding to the downstream flow, we will denote ¢ downstream
of the actuator by ¢' and, in general, all downstream quantities will be
denoted by a star, The partial differential equation for @' is

* » '

Orp + Gpy- =&, =-ra, (51)

Using the polynomial approximation for ¢' we let

[ ] * 1 ] kY
¢ = a, +a,r +ar (52)
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The wall boundary conditions again give

” . L3
a, = S a, + 4

3 -
a = K’QZOQ

!

sO that <a: is the only remaining unknown function and is found by satisfying |
the integrated version of Equation (47); namely,

.

;3’ a, - A a, = # A, - I, (53)

Py

where IP T .
I, = - ril dr
' 9
-/r'

Before proceeding to solve this equation, a better representation of I, is 5
necessary. The first step in obtaining this representation is accomplished by
multiplying Equation (42) by y;' and subtracting Equation (d43) multiplied

by ¥,'. The result is

« 4* e IH® 1
w" }—z— - W. a_’\ - d (54)

or H"a F4Yuf3 and consistent with the polynomial approximation procedure

H = RW'fD, (58)

where A and D, are constants.

Also from Equation (44) we have
rw' = F(y*) = By*+0, (56)
where 8 and D, are constants.

Substituting Equations (56) and (55) into either Equations (42) or (43),
results in

e, 5

1 8 ¥
n° o« = v o+ 0, %} - rA (57

¢




Using this equation to evaluate I,, gives

I, = 2m*AQ, -8R a’ (58)
where 3 s U }
! y =1, 2 3 3
Q, = z_r:‘—ﬂ, A r3~ - B -f—(r,-r,,)-- DzB('?"L)J’

Then using Equation (58) in Equation (53), we obtain

A
a,;"-Mza.; - 4 -2 + 2m°Q (59)
A, ’
where
- a a

M =« m -8

The general solution to this equation is

% -mMz M2 zm" A
a.z = b'e + bze - —lq-;- Q' - £I _R—’.;‘:’i_‘ (60)

where b, N to keep ¢‘ bounded at infinity downstream. The continuity of
U and V across the actuatcr is equivalent tc keeping ¢ and ¢' continuous
across the actuator or

) $0) = ¢ (61a)
an
p (61b)
$'0) = $*(o)
which give
*,= #, = 0
2m’Q,
b = ———
MT(M+m)
. -2m?q,
and 2 MMem)
Thus far, we have
(62)
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—2m Q, me (63)
A = — ¢
2 m(M+m)

v o= -; U r* + (K, + Kr +r*) a, (64)

V= Ut (KK et ag (65)

so that the steady velocity field is known up to the four constants A, D, , 8
and D, (appearing in Q and M) which are associated with the steady turning
and loss performance of the blade 1row. In the previoucly mentioned actuator

disk theories,lo-ls

the turning (W component of velocity) and the total
pressure are considered as specified at the outlet of the blade row (actuator
sheet) which is equivalent to specifying thise four constants. In fact, for
the present purposes, they cculd he chosen sc as to agree with the &nnular
cascade measurements. However, for the unsteady perturbation analysis that
will employ this model for the mean flow, the blade row performance as a
function of local inlet swirl will have to be used. Therefore, we will
develop the steady analysis using the appropriate form of matching conditions
derived from the local blade row performance data. Before presenting an
example calculation, a few comments concerning the form of the solution,

Equations (63) through (65) are in order.

There is no tangential velocity perturbation transmitted upstream of
the blade row. There is, however, an axial velocity and a radial velocity
perturbation upstream of the blade row. This is to be contrasted with the
two-dimensional steady case where no disturbances are transmitted upstream of
the blade row. This feature of the three dimensional theory is expected to be
very significant in considering blade row interactions that are currently not
explainable by two-dimensional theories. It is noted that for the specific
polynomial form used here, a single linear differential equation is obtained
for the coefficients. If a higher order polynomial had been used, the result
would be a system of differential equations, but the system would still be

76

Lo o ges

o




THTEAY TR T IR Ch S TP, TR AT, TR

linear. Also, the restriction to constant annulus area results in a system
of equations with constant coefficients. Consideration of variable area

annuli will result in a linear system with non-constant coefficients.

2. Example Calculations

As an example of the above theory, the turning and loss performance
of the stationary guide vane row of the Calspan/Air Force Annuiar Cascade has
been estimated. The blade row turning and loss performance required by the
theory were obtained from two-dimensional cascade data given in Reference 16.
The data are applied in a strip-wise fashion at each radial station assuming
that the outlet conditions to the blade row are only a function of the local
inlet swirl and dynamic pressure at the given radial location., The local
inlet conditions are not those corresponding to the undisturbed flow far ahead
of the blade row, but are calculated as part of the solution.

The turning and loss relations across the blade row will be given for
the general case first and then specialized to the guide vane case. These
relations are applied in a coordinate system fixed to the blades. Denote
conditions immediately upstream of the blade row by a subscript 1 and those
immediately downstream by a subscript 2. Then at any radial station, the total
pressure change normalized by the density is

H - H = rw(Wz-M)—'-'l;- (66)

2

where w is the blade row rotational velocity and L represents the losses

and it is assumed that they are given by

L= TYp {u,‘ + (W, - m)‘]—
The total pressure loss coefficient, X , is defined as in the previous section
of this report and it is assumed that it is available from two-dimensional
cascade data as a function of solidity, stagger angle, inlet swirl and airfoil
section shape. Since these parameters may vary along the span of a blade, X
will in general be a function of r . Equation (66) is merely the Euler turbine
equation with the added consideration of losses.
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Since the upstream total pressure is constant and assumed known, the

previous results for H2 and W, may be substituted into Equation (66) to give

Ay'o) + D -H = w(BY 0y +D,) - £ (67)
1
where
L 1 2 2
IR [(—,’: Yy @) - r wl] (68)

Equation (67) may be Jdifferentiated with respect to r to give
Avto) = wB¥ o) - 57{_ (69)

which really represents the vorticity compatabiliiy relation for three-
dimensional flow,

Let the local relative swirl ahead of and behind the actuator be
denoted by,ﬁi so that

- rw

S, . =L

It is then assumed that the turning performance of the blade row is available

from two-dimensional cascade tests so that ﬁz is known by
B, = Gid,) (70)

where G is also a function of solidity, stagger angle and airfoil shape,
which in general will vary along the blade span. Using the previous forms of

the solution obtained, Equation (70) muy be written as
By *w) + D, = riw o+ af:(o)G (71)

differentiating this with respect to r gives

B w o)

li

2w+ z//:r(o)G + V:(O)Gr (72)
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Now integrating Equations (67), (69), (71) and (72) between (, and r, gives
a system of four algebraic equations for the four unknown constants

The solution of this system will be demonstrated for the case of
the fixed guide vane row used in the Calspan/Air Force Annular Cascade Facility.
This blade row has a hub to tip ratio of 0.8, a constant solidity of 1.17
along the span and untwisted blades. The stagger angle is constant along the
span and is variable approximately from 18° to 52°. The guide vanes had an
NACA 63- (24A4 K6) 10 guide vane profile which is 10 percent thick. These
parameters do not correspond to those tested in Reference 16; the solidity
falls within the test range but all the tests results are for a 6 percent
thick sectioni. Corrections could have been applied to the turning performance,
however, there was no reliable method to correct the loss data. In addition,
preliminary comparison of the loss data presented in Reference 16 with that
measured in the annular cascade facility indicated a large descrepancy in
levels. This is presumably due to the large differences in Reynolds number
between the two tests as well as the thickness differences. The Reynolds
number in the annular cascade facility was 9.5 x lO4 where as those in
Reference 16 were approximately 2.5 x 105. It was realized at the wutset that
these differences in loss level would lead to poor correlation between the
present theory and the annular cascade data, but the numerical calculations
were continued in order to check that the theory was completely formulated
and would give the right trends. The experimental loss and turning data

corresponding to a solidity ratio of 1.0 were used in the theory.

For this particular case with w = 0 and W, = 0 there is no
relative swirl ahead of the guide vane row. In addition, the constant blade
row geometrical properties along the span greatly sumplify the application

of the matching conditions and the integrated forms of Equations (72) and (71)
become respectively:

1+ 2
8 = 26- ————__?_'-
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The integration of Equation (69) and (67) give respectively

and

i 2 - 2 (74 :
,3 ’ o G (R, + Rig +Rsg ) ;
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e 1 where . ’
‘?3“ 4 s 2 m Q, 5
b N 4 = i
2 ] 1 U M(M+m) '
: 3 3 ‘

] R - PH * r;' - _7_ (rT I"" )

3 3 2_ .2

1 2 (ry°=r}) !
f 2 3 3 :'
::‘ R ! (f;_ f'") (r‘l' - rH ) .
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i r* Br= Ty ‘
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5 5 3 ry try
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%

: where 2 s 3

: oo L (r+ry) (rn°-r)) _ K, }ni .
I A o R
f } ; Kf r (G‘fn)z(m-'ﬂ)z
1 , R, = - = + 2K, Un — + 4+ —
\ i 2 T Ty "y b r;( r
?, Substitution of Equations (73) - (76) into the definition of g give a single
s 1
: algebraic equation for <; namely,

1]

!
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7

!

= 0 e - J* 3
4 - ﬁ(m,){b'*bl‘*' b (4, ‘f,)}
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N
s, 4G (1+29)" VR
m m*riir+ p)
2 2 (1+p)
m r7‘ = -‘ (,_P)3 ‘P
3 L 2
L 2 2 bl
o} by - T
PR 7
E 3 2 2 (14 p)(1=-27) i 12
[ (1-p)°p (1+p) (1+ £
1 a2 G
N Bm (1+p)°
: r
v and p = 7; = .8 for this case. Equation (77) has been solved numerically
{ T

AR ]

and has been found to possess only one real root. The required & and X
functions at each guide vane stagger angle were obtained from Reference 16 as
previously explained. In terms of these parameters, the overall average total
3 pressure loss coefficient for the blade row is

(1-p% 2(0 -H)
_f_ -+ ___1./_1_’_ (78)
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This expression is plotted as a function of stagger angle in Figure 38 where

the corresponding experimental measurements are also shown. As previously
explained because of the difference in less levels, poor quantitautive agreement
was expected. However, throughout most of the stagger angle range the theory
has the proper trend. Comparison of the theoretical results with the two-

dimensional cascade data of Reference 16 also shown in Figure 38, indicates

that the theory is predicting the induced drag on the blade row correctly.
The reason for the abnormally high loss prediction at a stator stagger angle
% £ of 48° is not clear. Perhaps a three term polynomiul is inadequate to represent

L § the large radial variations that occur under these high loss conditions.
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The theoretical prediction of turning performance is compared with
the experiment in Figure 39. The theory is about four degrees low throughout
the stagger angle range. This is easily explained by the difference in solidity
and thickness between the annular cascade and the data used from Reference 16.

Overall then, it is seen that the theory predicts the qualitative trends

b
P
iy
b

correctly. The absolute level of the predictions is off because the two-

dimensional cascade data was not strictly appropriate for the annular

cascade guide vane geomctry. Moreover, better agreement of the levels of

turning and loss performance between theory and experiment may be forced by
empirical specification of the four unknown constants A, B, D, and EL .
Therefore, the present thecry should serve as an adequate representation of the

mean flow upon which we can perform an unsteady stability analysis.

e T T T T R TR
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CONCLUDING REMARKS ON THEORETICAL INVESTIGATIONS

During this program, the two-dimensional stability theory was ex-
! tended to consider inlet distortion for incompressible flows and compressible
flows without inlet distortion. The analyses show that the principal effects
1 of distortion occur when the distortion wave corresponds to the natural
rotating stall mode for the system. The two-dimensional theory was also used
to examine the stability of the case of two closely coupled blade rows in a
rotor-stator stage. The theory indicates that blade row interference fo- this
configuration has a large stabilizing effect on the stall boundarsy. The cor-
i relations with experiments verify this trend but are hampered because of lack

'k of appropriate steady bladz row performance data.

In addition to these two-dimensional analysis, the initial develop-

ST T

ment of a three-dimensional theory is reported. An approximate three-

dimensional analysis for the steady flow through a blade row is given. This

- T

model is to serve as the basis of a stability analysis to predict the rotating
stall boundary.
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SECTION IV
SUMMARY AND CONCLUSIONS

A combined experimental and theoretical research program on rotating
stall in axial flow compressors has been conducted. The primary topics
addressed in this report are the effects of stationary and moving distortion
on the rotating stall boundary Zor an isolated rotor row and the effects on

the boundary of close coupling of the blade rows in a rotor-stator stage.

The tests on stationary distortion effects on a rotor row included
both a two lobed and a four lobed distortion pattern. Although the total
pressure distortions were quite high for both patterns, they did not signifi-
cantly affect the rotating stall boundary or the rotating stall properties
after inception. Similarly, measurements of averaged blade row loss and
turning data showed little influence of the distortion. The tests with moving
distortion were performed by rotating the two lobed pattern about the com-
pressor axis both in the direction of blade row rotation and opposite to it.

It was generuzlly found that the rotating distortion pattern either had little
effect on or else destructively interfered with rotating stall formation
except when the pattern was rotated at speeds near the natural stall propagation
velocity for undistorted flow. Under these latter conditions, the rotor in-
carred rotating stall at much higher flow coefficients than for the undistorted
flow case. 1hese restlts contradict the '"time to stall' arguement that has
been used in several instances to explain the effects of multilobe distortion
patterns on compressor stall boundaries. The theoretical analysis are in
general agreement with the experimental findings. The theory concludes that
distortion will not influence the rotating stall boundary unless the distortion
pattern contains a Fourier component which corresponds to the natural rotating

stall mode for the system.

The experiments on the effect of close coupling on the rotating stall
boundary for a rotor-stator stage show that the blade row interference results

in a significant delay in rotating stall inception. The rotor-stator stage

83

S ._...uh.:édaumﬁ, :

reR

A i ki STt e s



(8 bl e

stalls at a much larger inlet swirl than the isolated rotor. The theoretical
results also show this delay, but the numerical predictions of the theory are
generally inaccurate due to lack of the steady state performance data for the
isolated blade rows in the swirl angle ranges needed. The theory requires these

steady state data as inputs.

In addition to the above mentioned theoretical studies, which were
performed with an incompressible two-dimensional small disturbance stability
theory, studies were performed to extend the two-dimensional theory to include
compressibility and to initiate the development of a three-dimensional theory.
The theory for compressible flow, which assumes that the flow is subsonic
everywhere, indicates that the slope of the loss curve as a function inlet
swirl still controls the stability of a given flow configuration. The three-
dimensional theory has not been completed at this time, but the development

to date is given in this report.
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a) CONFIGURATION A

Figure 12 GEOMETRY OF STATIONARY DISTORTION SCREEN (LOOKING UPSTREAM)
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Figure 12 (Cont.)

b) CONFIGURATION B

GEOMETRY OF STATIONARY DISTORTION SCREEN (LOOKING UPSTREAM)
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Figure 13

TOTAL PRESSURE COEFFICIENTS, CPT (r, ©),
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